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ABSTRACT
The pyruvate formate-lyase enzyme (Pfl), a key enzyme in 
alcoholic fermentation, catalyzes the anaerobic conversion of 
pyruvate into acetyl-CoA and formate in prokaryotes. The 
pyruvate formate-lyase gene (pfl) of the facultative anaerobe 
Aeromonas hydrophila was cloned and sequenced. Subsequently, 
the Pfl was characterized based on the deduced amino acid 
sequence and evaluated in vivo following insertion 
mutagenesis. Finally, the pathogenesis of a defined mutant 
was compared to wild type A. hydrophila in channel catfish.
The pfl of A. hydrophila was identified from two 
recombinant pBluescript SK(-) clones excised from a X ZAP II 
phage library. Both clones carried the same 9.15 Kbp insert, 
oriented in opposite directions, and expressed two 
polypeptide of 85 & 82 KDa sizes regardless of isopropyl-B-D- 
thiogalactoside induction. Dideoxy sequencing of a 4.8 Kbp 
subclone expressing the two immunoreactive polypeptides 
identified a 2280 base open reading frame (ORF) , with 70% 
sequence homology to the E. coli pfl. The ORF encodes an
85.5 KDa protein containing 760 amino acid residues with 
85.5% homology to the E. coli Pfl peptide sequence.
The Aeromonas Pfl secondary structure consists of 46% a- 
helices and 39% p-sheets. Catalytically important adjacent 
cysteine residues in E. coli Pfl at positions 419-420 were 
also located at the same positions in the A. hydrophila Pfl.
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A free radical identified at glycine-735 residue in the 
cloned enzyme was also in the same position as in E. coli 
Pfl. A candidate trypsin cleavage site, located between 
arginine residues at 624-625 positions in A. hydrophila Pfl, 
was confirmed by the presence of a 68 KDa trypsin resistant 
fragment.
Insertion mutagenesis of the pfl with a kanamycin 
resistant marker (kan) resulted in isolating an obligate 
aerobic A. hydrophila pfl mutant strain, which was 
characterized phenotypically by anaerobic growth on pyruvate 
and antibiotic resistance profile. Polymerase chain reaction 
experiments confirmed the insertion of the kan marker into 
the mutant chromosome and the occurrence of a double- 
crossover homologous recombination event. No significant 
difference was noticed in the LD50 in channel catfish injected 
with either the parent or the mutant strain, indicating that 
the Pfl may not play an important role in the pathogenesis of 
acute A. hydrophila infections.
CHAPTER ONE 
GENERAL INTRODUCTION 
BACKGROUND
In aquatic animals, motile aeromonads are the causative 
agents of a serious bacterial disease called motile aeromonad 
septicemia (MAS). Morbidity and mortality rates can be as 
high as 100% depending on the virulence factors produced by 
Aeromonas, the physiological status of fish, and the culture 
conditions in the pond. Motile aeromonads can also cause 
septicemic-related health problems in amphibians, birds and 
mammals, including man (Rigney et al. , 1978; Vohlgemuth et
al. , 1972; Shane and Gifford, 1984; de la Morena et al. ,
1993; Poirier et al., 1993; Krovacek et al., 1993).
Aeromonas hydrophila and Aeromonas sobria, the dominant 
species of motile aeromonads, are commonly found in water, 
soil and as normal flora of healthy fishes (Fliermans et al., 
1977; Leblanc et al. , 1981) . Motile aeromonads are Gram-
negative facultative anaerobes, metabolizing glucose by both 
respiration and fermentation (Popoff, 1984) . They break down 
carbohydrates into acid or acid and gas (C02 and H2) . Several 
reports have associated motile aeromonad virulence with 
various factors, including hemolysins, proteases, 
enterotoxins, siderophores, and surface determinants such as 
pili and an S-layer protein (Allan and Stevenson, 1981; 
Krovacek, 1989; Ford and Thune, 1991). The combination of
these factors probably determine the ability of a particular 
strain to invade and cause hemorrhagic septicemia in fish or 
other animals.
Aeromonas hydrophila, like Escherichia coli, is a 
facultative anaerobe that grows both aerobically and 
anaerobically using sugars as a sole carbon and energy source 
(Popoff, 1984; Clark, 1989) . Regardless of oxygen
availability, glucose is catabolized to pyruvate by 
glycolysis. Pyruvate metabolism, however, proceeds in 
different pathways depending on the presence or absence of 
oxygen. During aerobic metabolism in E. coli, pyruvate is 
converted into acetyl-coenzymeA (acetyl-CoA) by the pyruvate 
dehydrogenase enzyme (Pdh). Acetyl-CoA is then metabolized 
via the Krebs cycle and the electron transport system (Clark, 
1989). During oxygen deprivation, the Pdh enzyme, the Krebs 
cycle and the electron transport system are no longer 
functional and pyruvate is converted into acetyl-CoA and 
formic acid by the pyruvate formate-lyase enzyme (Pfl)(Clark, 
1989; Knappe, 1978). This initiates the alcoholic
fermentation pathway, which results in the production of a 
mixture of fermentation by-products that include acetate, 
ethanol, lactate, formate, succinate, hydrogen and carbon 
dioxide (Clark, 1989). When pyruvate concentrations are high 
or the pH is low, pyruvate can also be converted to lactate 
by the fermentative lactate dehydrogenase enzyme (Ldh)(Tarmy 
and Kaplan, 1968). Obligate and facultative anaerobic
3bacteria are the only organisms that can utilize both the Pfl 
and the Ldh pathways, whereas other organisms utilize only 
one of the two pathways (Clark, 1989). Naturally occurring 
E. coli pyruvate formate-lyase gene (pfl) mutants are unable 
to produce H2 anaerobically in minimal medium with either 
glucose or pyruvate as the sole carbon and energy source 
without formate or acetate supplements (Varenne et al. , 1975; 
Mat-Jan et al. , 1989; Pascal et al. , 1981) . However, acetate 
supplementation of the minimal medium allowed these mutants 
to grow by utilizing the lactate fermentation pathway.
In E . coli, the Pfl is a homodimeric 170 KDa protein 
present in two forms that are interconvertible by an 
activation-deactivation cycle (Knappe and Schmitt, 1976; 
Knappe, 1978). The activation process involves the post- 
translational intramolecular introduction of a free radical 
into the inactive Pfl form by an Fe2+-dependent activase 
(Knappe, 1978; Knappe et al., 1984) . The free radical,
located on carbon-2 of the glycine-735 residue of the Pfl, 
functions as a coenzyme for processing pyruvate by a 
homolytic C-C bond cleavage mechanism (Plaga et al. , 1988;
Unkrig et al., 1989; Volker Wagner et al., 1992). However, 
Pfl is extremely sensitive to oxygen, which causes a 
deactivase-mediated destruction of the radical, resulting in 
two unique fragments of 82 and 3 KDa molecular weights 
(Volker Wagner et al. , 1992; Knappe and Sawers, 1990; Kessler 
et al., 1991) .
The E. coli pfl contains 2280 bases encoding a 760 amino 
acid polypeptide with a molecular weight of 85 KDa. The Pfl 
contains 43% a-helices and 24% p-sheets (Rodel et al. , 1988) . 
It contains a potential disulfide bond located between 
cysteine (Cys) 419-420 residues (Rodel et al. , 1988) . The SH 
group of Cys-420 transiently carries the acetyl group, while 
Cys-419 is the interaction site of the enzyme with its 
specific inhibitor (Knappe et al., 1974; Rodel et al., 1988; 
Plaga et al., 1988). Two candidate acetylation sites, at
lysine residue positions 124 and 541, may be important in the 
acetyl-transfer-dependent covalent catalytic conversion of 
the enzyme through the Cys-420 residue (Rodel et al., 1988).
RATIONALE
Little is known about the role nutritional or 
environmental conditions play in MAS pathogenesis. However, 
recent reports indicate that anaerobic metabolism may have a 
synergistic effect with known virulence factors in the 
pathogenesis of other bacterial diseases (Schiemann and 
Shope, 1991; Lee and Falkow, 199 0; Chakrabarti et al., 1991; 
Salmela et al., 1994; Haapasalo, 1993) . Anaerobic growth of 
Salmonella typhimurium significantly boosted its in vivo 
invasiveness of epithelial cells and uptake by mouse 
peritoneal cells (Schiemann and Shope, 1991) , and increased 
its adherence to and invasiveness of canine kidney cells by 
up to 70 fold (Lee and Falkow, 1990) . An atypical Vibrio 
cholerae strain produced toxin amounts similar to those
generated by toxigenic strains only when it was grown 
anaerobically at 37 °C (Chakrabarti et al., 1991).
Alcoholic fermentation products, including ethanol, 
acetaldehyde, and C02 gas, are toxic to cells and may 
accelerate cell death. Toxic acetaldehyde production during 
alcoholic fermentation by Helicobacter pylori may 
significantly contribute to the pathogenesis of human 
gastroduodenal diseases associated with this bacterium 
(Salmela et al., 1994). Fermentation probably augments
bacterial survival in the unfavorable anaerobic conditions 
found in the necrotic lesions of primary infected tissues 
and, thus, favors subsequent metastasis to other healthy, 
well-oxygenated tissues. Necrotic dental root canal 
infections are often found dominated by 4-7 polymicrobial 
anaerobic bacteria (Haapasalo, 1993).
This study proposes that the Pfl may contribute to the 
pathogenesis of motile aeromonad septicemia, particularly in 
necrosis-associated cases. Because of the oxygen deprivation 
in necrotic tissues infected with motile aeromonads, the Pfl 
may be important for the anaerobic survival of bacteria in 
these tissues and favor their spread to healthy tissues. In 
order to evaluate this hypothesis, the pfl of A. hydrophila 
was cloned and sequenced, and the Pfl was characterized based 
on the deduced amino acid sequence. A kanamycin resistant 
marker was inserted into the pfl ORF to create an obligate
aerobic A. hydrophila mutant and to evaluate its virulence in
channel catfish.
OBJECTIVES
1. To generate a genomic DNA library for Aeromonas 
hydrophila.
2. To isolate and sequence the pfl of A. hydrophila.
3. To characterize the Pfl based on its deduced amino acid
sequence.
4. To inactivate the pfl by insertion mutagenesis.
5. To examine the mutation effect on both anaerobic growth
in minimal medium with pyruvate as the exclusive carbon 
source and the mortality of A. hydrophila infection in 
channel catfish, Tctalurus punctata.
CHAPTER TWO 
LITERATURE REVIEW 
MOTILE AEROMONADS
The Genus Aeromonas
Bacteria of the genus Aeromonas are Gram-negative 
facultative anaerobes, metabolizing glucose by both 
respiration and fermentation (Popoff, 1984) . Aeromonad cells 
are rod shaped with rounded ends to coccoid, 0.3 to 1.0 /xm in 
diameter and 1.0 to 3.5 /xm in length. Members of the genus 
reduce nitrate to nitrite, are oxidase- and catalase-positive 
and are resistant to the vibriostatic agent 2,4-diamino-6,7- 
diisopropylpteridine (0/129).
The genus Aeromonas is separated into two groups: the 
psychrophilic nonmotile aeromonad, Aeromonas salmonicida, and 
the mesophilic motile bacteria, which are subdivided into 
three species: A. hydrophila, A. caviae, and A. sobria
(Popoff et al., 1981). The word Aeromonas is derived from
the latin word "aer" which refers to air or gas, and "monas" 
which means unit, i.e. Aeromonas means gas producing. The 
word hydrophila is derived from the latin words "hydro" which 
means water and "philos" which means loving, i.e. hydrophila 
means water-loving. The word "sobria" means moderate, 
"caviae" is the latin generic name for guinea pig, and 
"salmonicida" means salmon killer.
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Motile aeromonads move by the aid of a single polar 
flagellum in liquid medium, whereas peritrichous flagella may 
appear on solid media in young cultures (Popoff, 1984) . They 
break down carbohydrates into acid or acid and gas (C02 and 
H2) . Both A. hydrophila and A. caviae can use L-histidine, 
L-arabinose, L-arginine and salicin as a sole carbon source, 
grow in KCN medium, and ferment esculin, while A. sobria is 
negative for these traits. Aeromonas hydrophila produces gas 
and acetoin from glucose, and produces H2S from cysteine, 
while A. caviae and A.sobria do not.
Motile Aeromonad Septicemia (MAS)
In aquatic animals, motile aeromonads are the causative 
agents of a serious bacterial disease called motile aeromonad 
septicemia (MAS). Aeromonas hydrophila and A. sobria, the 
predominant members of motile aeromonads, are commonly found 
in water, soil and as normal flora of healthy fishes 
(Fliermans et al. , 1977; Leblanc et al. , 1981) . However,
both species can also cause MAS, particularly if the host is 
exposed to environmentally stressful conditions (Leblanc et 
al., 1981; MacMillan and Santucci, 1990).
According to the Southern Division Fish Disease 
Committee of the American Fisheries Society, MAS represents 
21% of the total bacterial fish disease cases reported to 
diagnostic labs in the southeastern states (MacMillan, 1985) 
and represents approximately 20% of the reported bacterial 
infections in commercially raised channel catfish, Ictalurus
punctatus (Thune, 1991) . Mortalities are mostly reported in 
April, May, August and September when water temperatures are 
about 28 °C and dissolved oxygen levels are low (MacMillan, 
1985). Morbidity and mortality rates can be as high as 100% 
depending on the virulence of the aeromonad strain, the 
physiological status of fish, and the environmental 
conditions in the pond.
Motile aeromonad septicemia epizootics naturally occur 
as either a secondary pathogen associated with stress and/or 
other pathogens, or, in the case of more virulent strains, a 
primary infection (MacMillan, 1985; Thune et al., 1993). In 
either case, MAS is manifested as either an acute or chronic 
infection. In acute MAS, exophthalmia, dropsy, frayed fins 
and ulcers are common external signs, although asymptomatic 
fatal septicemia can occur. Internally, septicemic
pathological changes include generalized edema, diffuse 
necrosis, swelling, and hemorrhage in the liver and kidneys. 
Chronic MAS is characterized by deep ulcers with associated 
hemorrhage and inflammation (Thune et al., 1993).
Motile Aeromonads in Other Animals
While motile aeromonads are mainly pathogenic to 
freshwater fishes, they can also cause serious health 
problems to invertebrates, amphibians, birds and mammals, 
including man. In man, motile aeromonads have been 
increasingly recognized as a public health problem, causing 
gastroenteritis and acute diarrhea in infants, young children
and .immunocompromised adults. Pneumonia, endocarditis, 
septicemia, meningitis, osteomyelitis, skin and soft tissue 
infections have also been described (de la Morena et al. , 
1993; Poirier et al., 1993; Krovacek et al., 1993; Reina et 
al., 1993; Parras et al., 1993; Pietu et al., 1993; Gold and 
Salit 1993) . Aeromonads also pose a risk of food- and water­
borne infections, even from refrigerated food (Kirov, 1993; 
Kirov et al. , 1993; Gobat and Jemmi 1993 ; Ghanem et al. ,
1993), and can cause septicemia in amphibians and reptiles 
(Rigney et al., 1978; Marcus, 1971), abortion in cattle
(Vohlgemuth et al. , 1972) and septicemia in poultry (Shane
and Gifford, 1984).
Control and Prevention
Chemotherapeutic treatment of MAS-infected, 
commercially-raised channel catfish in the USA is limited to 
two FDA approved antibacterial agents, TerramycinR and RometR 
(MacMillan, 1985; Starliper et al . , 1993). Terramycin
(oxytetracycline) is commercially available in a sinking 
pelleted feed containing 2.75 to 5.5 g of active ingredient 
per kg of feed (MacMillan, 1985) . Romet, a potentiated 
sulfonamide, is incorporated into extruded floating pellets 
at a rate of 8.33 g/kg sulf adimethoxine and 1.68 g/kg 
ormetoprim and is labelled for the treatment of enteric 
septicemia of catfish (ESC), caused by Edwarsiella ictaluri. 
Lack of approved antibiotics, combined with extensive use of 
these drugs in catfish culture, has led to widespread
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development of acquired resistance to these chemotherapeutic 
agents. Terramycin resistant A. hydrophila strains
reportedly represent at least 61% of the isolates from 
catfish gastrointestinal contents (DePaola et al. , 1988) and 
38% of the diseased catfish isolates (Lewis and Plumb, 1985). 
Romet resistance has also been described in E. ictaluri from 
catfish farms (Starliper et al., 1993).
Although vaccination against bacterial diseases of fish 
is a common practice, there is no licensed vaccine available 
for protection against MAS epizootics. Monovalent vaccines 
have successfully protected against challenge with homologous 
strains in channel catfish (Thune and Plumb, 1982 and 1984) . 
However, due to the antigenic variability of motile aeromonad 
strains, monovalent vaccines have limited utility for 
protection against heterologous strains of Aeromonas. 
Virulence Factors of Motile Aeromonads
Motile aeromonads are ubiquitous in the aquatic 
environment, being present in pond mud and pond water, as 
well as fish intestinal flora. However, under the adverse 
environmental conditions that are common in the intensive 
conditions of commercial production ponds, opportunistic 
pathogens like motile aeromonads will invade and cause health 
problems. The ability of various strains of motile 
aeromonads to cause disease is dependent on the presence oi 
absence of an array of virulence factors, including 
hemolysins, proteases, enterotoxins, siderophores, and
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surface determinants such as pili and an S-layer protein 
(Allan and Stevenson, 1981; Krovacek, 1989; Ford and Thune, 
1991). The combination of these factors produced by a given 
Aeromonas strain probably determines the ability of that 
strain to invade and cause hemorrhagic septicemia in fish or 
other animals. Significant virulent factors of Aeromonas are 
characterized in detail below.
Hemolysins
Motile aeromonads produce at least two hemolysins, a and 
P,  which have been postulated to produce the profound 
hemorrhage frequently observed in MAS.' Although, hemolysin 
production is not consistently essential for virulence in all 
Aeromonas strains (Krovacek, 1989; Thune et al. , 1993),
toxicity of the P-hemolysin in fish has been previously 
documented (Thune et al., 1982a; Asao et al., 1986;
Chakraborty et al., 1987) . Thune et al. (1986) reported the
lethality of hemolysins at 0.6 mg of purified protein/gm of 
channel catfish fingerlings. Other studies have previously
revealed the lethal role of hemolysins, particularly the p- 
hemolysin, in frogs (Rigney et al. , 1978), mice, rats, and
rabbits (Ljungh et al. , 1981) . However, Rigney et al. (1978)
and Krovacek (1989) found inconsistent correlation between P ~  
hemolysin production and dermonecrosis in frogs and fish.
Beta hemolysin, also called aerolysin, is a 50-51 KDa 
channel- forming toxin produced by A. hydrophila and A. sobria 
(Ljungh et al., 1981; Thune et al., 1986; Buckley, 1992) . It
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is heat labile and is resistant to pronase and trypsin 
digestion (Ljungh et al. , 1981) . In broth cultures of A.
hydrophila, p-hemolysin accumulates during the logarithmic 
phase of growth, reaches its maximum amount during early 
stationary phase and drops thereafter (Ljungh et al., 1981; 
Thune et al., 1986).
Aerolysin of A. hydrophila and A. sobria is produced 
from two consecutive precursors (Buckley, 1992; Husslein et 
al. , 1988) . The first precursor, called preproaerolysin, is 
a 54.5 KDa hydrophilic protein that contains a signal 
sequence required for export to the external medium (Husslein 
et al. , 1988) . It passes through the inner and outer
membranes and is released as a 52 KDa inactive protoxin, 
called proaerolysin, which is the second precursor. 
Proaerolysin is then activated by proteolytic removal of 
approximately 4 0 amino acids from the carboxy terminus, 
resulting in the mature active aerolysin (Buckley, 1992) .
Husslein et al. (1988) postulated a functional
similarity between the hemolysin HLYA of E. coli and A. 
sobria aerolysin due to similarities in their primary 
structure. Aeromonas aerolysin binds to the erythrocyte 
transmembrane protein glycophorin and oligomerizes before 
inserting into the membrane. Membrane insertion results in 
the production of a 1 nm diameter, voltage-gated, anion- 
selective, water-filled pore (Buckley, 1992; Wilmsen et al. ,
1991). Mutational analyses have pointed out the importance
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of histidine residues at amino acid positions 107 and 132 in 
maintaining the pore formation capabilities of A. hydrophila 
aerolysin, probably due to a role in the oligomerization of 
the toxin (Wilmsen et al., 1991).
The a-hemolysin of motile aeromonads is a 65 KDa protein 
that is stable to heating at 56 °C for 10 min (Kanai and 
Takagi, 1986) . In culture, a-hemolysin production is maximum 
at 22 °C and is significantly reduced at 37 °C. Production 
also elevates in the presence of zinc ions, and decreases 
when iron is added to the medium (Ljungh and Wadstrom, 1986) . 
The a-hemolysin is cytotoxic to Hela cells, particularly to 
their cell membranes. Contrary to p-hemolysin, the cytotoxic 
effect of a-hemolysin is reversible.
Proteases
Differences in protease types, quantities, and 
proteolytic activities of motile aeromonads have been 
reported in several studies. These differences are dependent 
on culture conditions and source of isolate (O'Reilly and 
Day, 1983; Mateos et al. , 1993) . While iron or extra
aeration maximizes the growth of motile aeromonads, either 
one significantly reduces protease production (Thompson, 
1979) . There is also a consistent pattern for the total 
protease activity during the growth phases of different A. 
hydrophila strains (Chabot and Thune, 1991) . Protease 
production tends to peak near the beginning of the stationary 
phase (O'Reilly and Day, 1983; Allan and Stevenson, 1981).
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However, Chabot and Thune (1991) showed that different 
proteases are produced at different stages of the' growth 
curve.
Chabot and Thune (1991) have identified at least three 
A. hydrophila proteases in polyacrylamide gels. The first, 
PI, is a heat-labile 56 KDa serine protease with an optimum 
pH of 7.5. The second, P2 is a heat-stable 34-35 KDa 
metalloprotease with an optimum activity at pH 8.0, while the 
third, P3, is a moderately heat-stable 19.5 KDa 
metalloprotease with optimum activity at the wide pH range of 
7 to 11. Studies on 17 other strains of A. hydrophila showed 
that four strains produced all three proteases, while two 
produced only PI and P3, and one produced P3 only. Six 
strains produced two different serine proteases, called P2a 
and P2b, and two strains produced a number of uncharacterized 
proteases. Loewy et al. (1993) isolated a 19.5 KDa zinc-
proteinase from an A. hydrophila leech isolate that is 
similar to P3. Other investigators have identified only two 
proteases, a heat-stable 22.1 KDa protein and a heat-labile 
43.6 KDa protease. Both proteases are dermonecrotic and 
lethal to fish (Ljungh et al . , 1981; Thune et al. , 1982b;
Leung and Stevenson, 1988a).
Extracellular proteases from motile aeromonads were 
lethal when injected into channel catfish (Thune et al. , 
1982a & b), atlantic salmon (Shieh, 1988), carp (Wakayabashi 
et al. , 1981) , and rainbow trout (Allan and Stevenson, 1981) .
However, no strong correlation has been found between 
virulence in channel catfish fingerlings and the production 
of PI, Pla, Plb, P2 or P3 proteases in A. hydrophila (Chabot 
and Thune, 1991) . Similar observations have been previously 
reported by Allan and Stevenson (1981) and Krovacek (1989) . 
The experimental limitation of using a single virulence 
factor, such as extracellular proteases, is that it 
disregards the synergistic interaction between all virulence 
factors in contributing to the pathogenesis of the bacterium. 
Rather than a single virulence factor, the combination of 
different toxins and enzymes in vivo most likely contributes 
to the pathological changes during motile aeromonad 
septicemia.
Despite that lack of correlation to virulence in fish, 
transposon induced protease deficient mutants of A. 
hydrophila were significantly less virulent than parent 
strains when injected into rainbow trout (Leung and 
Stevenson, 1988b) or channel catfish (Cooper, 1991). The 
mutant strain examined by Leung and Stevenson (1988b) was 
also more susceptible to the bactericidal activity of normal 
trout serum than the wild type. The authors suggested that 
proteases play a critical role in the early stages of 
infection, protecting bacterial cells from complement- 
mediated killing or other serum bactericidal effects. Cooper 
(1991) reported 95% protection from challenge with wild type 
A. hydrophila in channel catfish immunized with a transposon-
17
induced, protease deficient A. hydrophila. The author used 
a TnlO-based suicide vector to create an A. hydrophila mutant 
strain with reduced caseinase, gelatinase and elastinase 
activities compared to the wild type strain.
Enterotoxins
Aeromonas hydrophila is known to be enteropathogenic, 
producing at least two enterotoxins with cytotoxic/cytolytic 
and cytotonic activities in rabbits and humans (Sanyal et 
al., 1975; Boulanger et al., 1977; Kuijper et al., 1989; Grey 
et al. , 1993; Majeed and Macrae, 1994; Gosling et al., 1993 ; 
Chopra et al., 1992, 1993 and 1994). Adherence of virulent 
motile aeromonads to HEp-2 cells has been used as an 
indicator for enterotoxin expression and enteropathogenicity 
(Grey et al., 1993) . The cytotoxic activity was reported in 
42% of motile aeromonad strains isolated from slaughtered 
lambs and from processed lamb meat (Majeed and Macrae, 1994) . 
The cytotonic activity of A. hydrophila enterotoxin causes 
elevation in intracellular cyclic adenosine monophosphate 
(cAMP) and prostaglandin (PgE2) levels of Chinese hamster 
ovary (CHO) cells (Chopra et al., 1992).
The presence of cytotoxins among motile aeromonads 
varies with the source of isolates and the motile aeromonad 
species. Cytotoxins are more common in isolates of A. 
hydrophila and A. sobria than A. caviae in isolates from 
slaughtered lambs and processed lamb meat (Majeed and Macrae,
1994). Cytotoxicity to Vero cells has been reported in A.
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hydrophila and A. sobria isolated from human diarrheal fecal 
samples. In the same study, A. caviae strains did not 
display any cytotoxic activity and were only isolated from 
non-diarrheal patients (Kuijper et al., 1989) . Finally, Grey 
et al. (1993) reported that 75% of the human clinical strains
of A. caviae were cytotoxic versus 13% of the environmental 
isolates, while A. sobria isolates were cytotoxic 
irrespective of their source.
Cloning experiments in E. coli have revealed the 
presence of a precursor for the A. hydrophila 
cytolytic/cytotoxic enterotoxin with a molecular weight of
54.5 KDa containing a 23 amino acid leader peptide sequence 
(Chopra et al. , 1993) . The secreted toxin detected in E.
coli cell lysates was a 52 KDa protein that was able to lyse 
rabbit erythrocytes and CHO cells, caused fluid secretion in 
rat ileal loops, and was lethal to mice by injection.
The cytotonic enterotoxin of A. sobria is a 15 KDa 
protein which causes fluid accumulation in the infant mouse 
assay and increased cAMP activity in tissue culture cells 
(Gosling et al. , 1993). It is optimally produced in
bacterial cultures grown at 37 °C for 15 h, while prolonged 
incubation resulted in the loss of activity due to the 
presence of a moiety capable of breaking down the toxin. 
Anion exchange liquid chromatography experiments revealed the 
presence of two peaks with cytotonic enterotoxin activity, 
suggesting the presence of two types of cytotonic
enterotoxins in A. sobria. This theory was confirmed in A. 
hydrophila by Chopra et al. (1994), who localized two
cytotonic enterotoxins encoded by two different genes. The 
first enterotoxin is putative heat-labile 35 KDa polypeptide 
that causes CHO cells to elongate. The second cytotonic 
enterotoxin is heat-stable and is probably equivalent to the 
15 KDa cytotonic enterotoxin of A. sobria described by 
Gosling et al. (1993) . The gene fragment coding for the
heat-stable toxin hybridized to the cytotonic enterotoxin 
gene fragment of A. trota (Chopra et al., 1994). However,
the enterotoxins of A. hydrophila did not hybridize with each 
other, though they shared the ability to elevate cAMP levels 
in CHO cells.
Siderophores
Using DNA hybridization techniques, Zywno et al. (1992)
identified at least three types of siderophores produced by 
Aeromonas. While amonabactin or enterobactin-like
siderophore was most common, a nonphenolate, nonhydroxamate 
siderophore was also found in some isolates (Zywno et al. ,
1992) . Byers et al. (1991) reported that amonabactin
producing motile aeromonads obtain iron from either host Fe- 
transferrin (siderophore-dependent) or the host heme- 
containing molecules (siderophore-independent). On the other 
hand, Aeromonas isolates producing enterobactin cannot 
utilize Fe-transferrin and might depend exclusively on the 
host heme iron (Byers et al. , 1991) . Barghouthi et al.
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(1989) reported that 70% of the 43 A. hydrophila strains 
examined produced amonabactin.
Extracellular Acetylcholinesterase (AcChE)
Nieto et al. (1991) recently reported the presence of
acetylcholinesterase (AcChE) in the extracellular products 
(ECP) of A. hydrophila. When purified, AcChE is 300 times 
more toxic than crude ECP, with a minimum lethal dose of 0.05 
fig per g of fish. The toxin displays a high
acetylcholinesterase activity, has a molecular weight of 15.5 
KDa and is composed of multiple pi species that range from 
4.45 to 4.70. The toxin is not a cytolysin and shows no 
pathologic changes at a sublethal dose except for an apparent 
narcosis. Using Western blot techniques, Rodriguez et al 
(1993) reported the presence of A. hydrophila AcChE in brain 
tissue homogenates from rainbow trout intraperitoneally 
injected with purified toxin. These results suggest that 
AcChE is produced during in vivo infection and that it may 
play a role in the pathogenesis of MAS in the central nervous 
system of fish (Nieto et al., 1991; Rodriguez et al ,1993) . 
Pili and Hemagglutination
Motile aeromonads possess two types of pili that 
correlate to the ability to agglutinate human erythrocytes 
(Atkinson and Trust, 1980; Honma and Nakasone, 1990; Ho et 
al. , 1990; Hokama and Iwanaga, 1992 and 1991) . In A.
hydrophila, the first type is a "straight", rigid, 9-nm 
diameter pilus constitutively expressed under all growth
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conditions (Ho et al., 1990; Honma and Nakasone, 1990). It 
consists of repeating subunits of a 17 to 18 KDa polypeptide 
with 42% hydrophobic amino acids, one cysteine residue and an 
amino acid sequence homology to E. coli type 1 and Pap pili. 
Straight pili lack hemagglutinating activity and do not bind 
to human peripheral blood mononuclear leukocytes (PMN). They 
may, therefore, play a role in autoaggregation of the 
organism rather than being a colonization factor (Honoma and 
Nakasone, 1990; Ho et al., 1990; Kamperman and Kirov, 1993) .
The second type of pilus is a "flexible", wavy, 7-nm 
diameter pilus that is produced particularly when A. 
hydrophila is grown at 22 °C in liquid medium with low levels 
of free iron (Ho et al. , 1990) . The flexible pili consist of 
a 4 KDa protein subunit containing 46 amino acids and with a 
high degree of homology to the colonization factor of the 
cholera toxin in Vibrio cholerae (Pearson et al. , 1993; Ho et 
al. , 1990) . Purified flexible pili can agglutinate human,
guinea pig, ovine, bovine, and avian erythrocytes. The 
stability and mechanical strength of the flexible pilus is 
due to the presence of a hydrophobic 20 amino acid COOH- 
terminal domain (Ho et al., 1990).
Hokama and Iwanaga (1991 and 1992) have reported the 
presence of two pili in A. sobria with a high degree of 
homology and morphological similarity with A. hydrophila pili 
(Ho et al., 1990). Aeromonas sobria and its purified pili 
were able to both adhere to rabbit intestine and agglutinate
human and rabbit erythrocytes, suggesting a potential role in 
colonization. Hemagglutination (HA) was inhibited by D- 
galactose and D-mannose, but not by L-fucose, indicating that 
the pilus receptor is a galactose and mannose containing 
structure (Hokama and Iwanaga, 1992). However, approximately 
50% of tested motile aeromonad strains possess HA activity 
inhibited by at least two of those sugars at low 
concentrations regardless of the species (Majeed and Macrae, 
1994) . Singh and Sanyal (1993) reported a 45% of motile 
aeromonads have HA activity, with a higher proportion in A. 
hydrophila than in A. sobria or A. caviae. A correlation 
between the presence of pili and the virulence of A. 
hydrophila was reported by Lallier and Daigneault (1984) . 
However, Sato et al. (1989) found no correlation between the
presence of pili and the hemagglutinating ability of A. 
hydrophila.
Though not genetically linked, a partial correlation 
between HA, hemagglutination inhibition (HI) , serum 
sensitivity and cytotoxin production has also been proposed 
(Majeed and Macrae, 1994; Singh and Sanyal, 1993). Singh and 
Sanyal (1993) reported that 82% of the hemagglutinating 
motile aeromonads are entertoxigenic, whereas most of the 
nonagglutinating strains are not. However, the latter became 
enteropathogenic after serial passage through rabbit ileal 
loops without changing their HA pattern.
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Outer Membrane Proteins
Outer membrane proteins (OMPs) of A. hydrophila possibly 
contribute to hemagglutination of human erythrocytes, and 
might act as adhesins, subsequently contributing to the 
virulence of the species (Quinn et al. , 1993) . Aeromonas
hydrophila strains contain at least three immunologically- 
related carbohydrate-reactive outer membrane proteins 
(CROMPs) according to Quinn et al. (1993) . These CROMPs are
43, 40 and 14 KDa in size. However, Kokka et al. (1990)
observed up to 6 OMP bands in some strains of A. hydrophila 
and A. sobria. The authors visualized 14 different sizes of 
OMP bands from 10 motile aeromonad strains ranging in size 
from 11 to 68 KDa.
Endotoxin
Lipopolysaccharide (LPS), particularly its 0-side chain, 
is a significant virulence factor, acting synergistically 
with other bacterial proteins in Aeromonas (Dooley et al. , 
1985 and 1986) . Using SDS-PAGE analysis, LPS from a virulent 
group of A. hydrophila were classified into two components: 
a fast migrating portion consisting of core oligosaccharide 
and lipid A, and slower migrating closely spaced bands 
composed of core oligosaccharide, lipid A and various lengths 
of the O-polysaccharide. The O-polysaccharide chains from 
virulent strains are of homogenous chain length and are 
cross-immunoreactive to whole cell fish antiserum from a 
single virulent strain (Dooley et al. , 1986) . On the
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contrary, LPS from avirulent A. hydrophila strains contained 
heterogenous chain length O-polysaccharides. Western blot 
analysis revealed that the O-polysaccharide is the 
immunodominant region of the LPS structure, while the core­
lipid A portion is not immunoreactive (Dooley et al. , 1986) . 
However, Merino et al. (1990) recently demonstrated that LPS
core oligosaccharide composition contributes to the 
complement resistance of A. hydrophila. Furthermore, LPS 
preparations from serum-resistant or serum-sensitive A. 
hydrophila strains, and purified core oligosaccharides 
inhibit both bactericidal and complement activity of human 
non-immune whole serum.
Surface Layer Protein
Crystalline surface layers, or S-layers, are the 
outermost component of the cell envelope of some bacterial 
species and strains (Sleytr and Messner, 1988). They consist 
of regularly repeating protein or glycoprotein subunits and 
are found on a large number of Gram-positive and Gram- 
negative bacteria, as well as all archaebacteria. Proposed 
functions for S-layers include (1) cell shape structuring and 
maintenance, (2) protective coats and barriers, (3) molecular 
sieves, and molecule and ion traps, (4) promoters for cell 
adhesion and surface recognition, and (5) serum resistance.
The virulence of A. salmonicida strains has strongly 
been correlated to the presence of S-layers as compared with 
less virulent S-layer mutants (Ishiguro et al., 1981; Kay et
al., 1985). Similar observations have been reported with 
naturally occurring S-layer positive compared to S-layer 
negative A. hydrophila isolates from humans and fish (Janda 
et al. , 1987; Ford and Thune, 1991). The virulence of S-
layer positive strains may be attributed to significant 
resistance to the bactericidal action of serum complement 
(Munn et al. , 1982) and to the specific binding of the
bacteria to heme and protoporphyrin IX (Kay et al., 1981).
Trust et al. (1983) associated the S-layer possession in A.
salmonicida with augmented in vitro macrophage adherence and 
penetration. Surface layers of A. hydrophila decrease cell 
surface hydrophilicity, and promote autoagglutination and 
association with phagocytic monocytes (Paula et al. 1988;
Janda et al., 1987; Kokka et al., 1990). Kokka et al. (1990)
found that 5 out of 10 autoagglutinating motile aeromonad 
strains examined were S-layer positive and contained 2 or 3 
major homogenous-length O-polysaccharide side chain bands. 
The other 5 strains were both S-layer negative and deficient 
in or devoid of O-polysaccharide side chains.
It is also largely believed that S-layers represent 
selective barriers against unwanted molecules or infective 
agents (Sleytr and Messner, 1988). For example, resistance 
to bacteriophage has been attributed to S-layers in A. 
hydrophila (Paula et al. , 1988) and A. salmonicida (Ishiguro 
et al. , 1984) . Phage resistance is probably due to the
relative thickness of S-layers, which interferes with
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injection of the infective phage DNA. Kay et al. (1981)
demonstrated a barrier role for the S-layer of A. salmonicida 
by showing that iodination of outer membrane proteins with 
either lactoperoxidase or diazoiodo-sulfanilic acid was 
prevented in S-layer positive strains.
In A. salmonicida and A. hydrophila, the S-layer protein 
is composed of multimeric units assembled in a tetragonal 
array (Dooley et al. , 1989; Murray et al. , 1988) . In A.
hydrophila, the S-layer protein is a 52 KDa molecule that 
contains 520 a. a. residues, 41% of which are hydrophobic, and 
has a single pi of 4.6. It contains about 44% p-sheets, 19% 
a-helices and 12% p-turns, with the remainder of the molecule 
being aperiodic (Dooley et al., 1988). Kostrzynska et al.
(1992) reported that S-layer proteins from a single LPS 
serogroup of A. hydrophila and A. sobria strains exhibited 
both NH2-terminal amino acid sequence and antigenic 
diversity. The authors also demonstrated that antigenically 
cross-reactive S-layer protein epitopes of A. hydrophila 
occur predominantly in unexposed regions of the native array, 
whereas the immunodominant region is strain specific and is 
exposed on the surface of the bacterial cell. On the other 
hand, S-layer protein isolated from different strains of A. 
salmonicida displayed similar amino acid composition, N- 
terminal sequences and a high degree of immunological cross­
reactivity (Kay et al., 1985).
The S-layer protein coding gene has been cloned and 
sequenced for both A. hydrophila and A. salmonicida (Thomas 
and Trust, 1994; Belland and Trust, 1987; Chu et al., 1991). 
Results of Southern blot analysis indicates that the S-layer 
protein gene sequence is partially conserved among some, but 
not all, S-layer producing strains of A. hydrophila (Thomas 
and Trust, 1994) . The gene sequence revealed an open reading 
frame (ORF) coding for a protein containing 450 amino acid 
residues with a molecular weight of 45.4 KDa compared to the 
52 KDa size of the native protein. The authors suggested 
that a post-translational modification might contribute to 
the size differences between the cloned and native protein. 
The S-layer gene of A. salmonicida is located as a single 
copy on the chromosome with an efficient promoter as reported 
by Belland and Trust (1987) and Chu et al. (1991). The 49
KDa protein is encoded by a gene that is conserved among a 
wide range of strains with different phenotypic 
characteristics, diverse geographical sources, fish species, 
and means of pathogenesis (Belland and Trust, 1987) . 
However, A. salmonicida grown at unfavorably high temperature 
lost the expression of this gene product, probably due to 
genetic rearrangement (Belland and Trust, 1987) . A positive 
regulator gene sequence that codes for a 34 KDa protein was 
later identified just downstream of the S-layer protein gene 
of A. salmonicida (Chu and Trust, 1993).
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Lipase/Acyltransferase
Aeromonas spp. produce an extracellular lipase, or 
acyltransferase enzyme, that is similar to the mammalian 
plasma enzyme lecithin:cholesterol acyltransferase (Anguita 
et al., 1993; Robertson et al., 1992 and 1994). Aeromonad
lipase is a 67 KDa protein with a distinct substrate 
specificity for an acyl moiety chain length of C6 for ester 
hydrolysis and C6 or C8 for triacylglycerol hydrolysis 
(Anguita et al., 1993). The active site of the enzyme was 
determined to be Serl6 (Robertson et al., 1994). Mutation
studies have revealed the importance of amino acid residue 
Tyr230 in the correct positioning of the phospholipid 
substrates at the active site. While changes in Serl8 
resulted in inactivation of the enzyme, substitution of Phel3 
with Ser only resulted in blocking lipase secretion. 
Nevertheless, the biological significance of the Aeromonas 
lipase in infection has not yet been explored.
Aeromonas Genetics and Classification
Genetic techniques have been valuable tools in both 
grouping the family Aeromonadaceae and further classifying 
members of the genus Aeromonas into different species and 
subspecies. Using reverse transcriptase sequencing of 600 
bases from the 16S rRNA gene, Kita-Tsukamoto et al. (1993)
were able to separate family Aeromonadaceae from family 
Vibrionaceae. Favre et al. (1993) were able to hybridize an
A. hydrophila RNase gene to E. coli K-12 and Shigella sp.
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RNasel genes but not to the genomes of Vibrio and 
Plesiomonas, which are considered more closely related 
genera. Martinez-Murcia et al. (1992) found an overall 98 to 
100% similarity among the genus Aeromonas in the 16S rRNA 
sequences. A 567 bp DNA probe from the 16S rRNA gene of the 
E. coli rnnB operon hybridized to 0.8-4 kilobasepair (kbp) 
Smal fragments from genomic DNA of Aeromonas (Martinetti 
Lucchini and Altwegg, 1992) . However, the remainder of the 
operon failed to hybridize, suggesting the presence of genus- 
specific as well as species-specific sequences in the 
multiple rRNA operons of Aeromonas.
It is often difficult to differentiate between various 
Aeromonas species based on chromosomal GC amount, which 
ranges from 57.1 to 62.9% (Maclnnes et al., 1979). However, 
analysis of DNA-DNA duplexes with endonuclease SI revealed 11 
to 29% variation in the genome size among 24 motile and 11 
non-motile aeromonads. The genus Aeromonas can be classified 
into two genotypically legitimate groups: a diverse group of 
motile aeromonads, and the genetically more homogeneous non- 
motile aeromonads, comprising the species A. salmonicida 
(Maclnnes et al., 1979). Restriction endonuclease
fingerprinting (REF) analysis confirmed the presence of a 
distinct REF pattern for A. hydrophila and A. salmonicida 
(McCormick et al., 1990).
Aeromonas hydrophila, A. sobria, and A. caviae were 
initially grouped based on their biochemical properties
(Popoff and Veron, 1976). Genetic relatedness between 
different Aeromonas species has also confirmed this grouping 
(Abbott et al. , 1992; Maclnnes et al. , 1979; McCormick et
al. , 1990; Popoff et al. , 1981; Tonolla et al. , 1991).
Chromosomal DNA hybridization studies (Abbott et al., 1992), 
and cluster analysis of chromosomal DNA electrophoretic 
polymorphism (Tonolla et al., 1991) have been used to verify 
genetic distinctness among the three motile species. Using 
polynucleotide sequence relatedness, Popoff et al. (1981)
were able to differentiate 55 motile Aeromonas strains into 
the three known species: A. hydrophila (type strain ATCC
7966), A. caviae (type strain ATCC 15468), and A. sobria 
(type strain CIP 7433).
Abbott et al. (1992) were further able to differentiate
between clinical and environmental isolates within each 
species. Further, within each species, three hybridization 
subgroups in A. hydrophila; two subgroups in A. caviae; and 
at least two subgroups in A. sobria were reported (Tonolla et 
al., 1991). These subgrouping results agree with earlier
findings by Popoff et al. (1981) . Differences in the spacer
sequence located between the 16S and the 23S rRNA genes have 
also been documented among A. hydrophila strains, revealing 
that different strains might have different rRNA operons 
(East and Collins, 1993).
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Plasmid Profile
Noterdaeme et al. (1991) classified 24 A. hydrophila
strains isolated from freshwater samples and fish into three 
groups according to their plasmid profile. A group of 10 
strains contained no plasmids, 11 strains contained a 20 Kbp 
plasmid, and a third group of four strains contained two or 
three plasmids, one of which was the 20 Kbp plasmid. Using 
cluster analysis, no correlation was found between plasmid 
profiles and either the biochemical reaction pattern or the 
antibiotic resistance profile. Kaznowski and Wlodarczak 
(1991) also failed to find a correlation between 
antimicrobial resistance and plasmid profile among 106 
clinical isolates of motile aeromonads. These results 
suggest that the genes encoding the antibiotic resistance and 
the metabolic reactions are chromosomal. Borrego et al. 
(1991) reported the presence of one or more plasmid in 40 of 
60 A. hydrophila strains isolated from fish, shellfish and 
water, of which 9 strains contained small plasmids with sizes 
4.2, 3.2, 2.8 megadaltons (MDa). While only 2 strains were 
susceptible to all antimicrobial agents, 58 were resistant to 
tetracycline, 56 were resistant to prystanamycin, and 55 
strains were resistant to both ampicillin and cephalothin, 
suggesting the chromosomal origin of these traits. Plasmid 
curing experiments have resulted in the loss of resistance to 
topramycin, neomycin, kanamycin, gentamycin, novobiocin and 
carbenicillin (Borrego et al., 1991; Hanes and Chandler,
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1993) , indicating that these antibiotic virulence traits are 
probably plasmid encoded.
Borrego et al. (1991) reported that 41 of 58 plasmid
harboring A. hydrophila strains tested possessed 
siderophores, and 33 displayed hemolytic activity. Based on 
their results, the authors suggested a possible relationship 
between plasmid presence and hemolysin and siderophore 
production (Borrego et al. , 1991) . Hanes and Chandler (1993) 
reported that a plasmid-cured A. hydrophila strain 
demonstrated greater attachment to Hela cells and increased 
hemolytic activity compared to both the parental strain and 
the cured strain after reintroduction of the plasmid. This 
result suggests the presence of a virulence factor negative 
regulator (s) encoded in the plasmid (Hanes and Chandler,
1993) .
Cloned Genes
The study of aeromonad genetics is important in the 
understanding of physiology and virulence as well as in the 
improved classification of the genus Aeromonas. Most of the 
genes in Aeromonas have been isolated by direct cloning 
experiments, although some were identified in mutagenesis or 
complementation studies. To date, two complete operons have 
been identified in A. hydrophila, including the ones for 
extracellular excretory proteins {exe) (Jiang and Howard,
1991) and for tryptophan (trp) metabolism (Anguita et al.,
1992) .
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Export of extracellular proteins and outer membrane 
assembly in A. hydrophila are controlled by gene products 
from at least 8 exe ORFs arranged in an exe operon (Howard et 
al., 1993; Jiang and Howard, 1991). Transposon mutagenesis 
of the exeE gene, in particular, resulted in a fragile mutant 
due to impaired secretion of extracellular proteins and 
defective outer membrane assembly (Jiang and Howard, 1991). 
Gene mutation studies revealed that the exe gene products 
also affect the number of major pores on the outer membrane 
(Howard et al., 1993).
The trp operon of A. hydrophila was cloned by Anguita et 
al. (1992) using complementation. The operon contains 5
genes, trpA, trpB, trpC, trpD, and trpE, with an internal 
secondary promoter in the distal portion of trpD. The trp 
operon sequence of A. hydrophila is more closely related to 
Enterobacteriaceae than to Vibrionaceae.
Because of the importance of the motile aeromonads as 
pathogens and the interest in studying their pathogenesis, 
most of the individual genes isolated from motile aeromonads 
encode virulence factors. The most studied of these factors 
are the hemolysin genes, with both a- and P- hemolysin having 
been cloned from different A. hydrophila strains.
Colony DNA-DNA hybridizations were utilized to hybridize 
a probe from the 1.7 Kbp a-hemolysin gene of A. hydrophila to 
other A. hydrophila and A. salmonicida a-hemolysin producing 
strains. All A. salmonicida strains and only 70% of A.
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hydrophila strains hybridized to the probe (Hirono and Aoki, 
1991).
The P-hemolysin (aerolysin) gene of A. hydrophila is 
approximately 1.45 to 1.47 Kbp with a 76% sequence homology 
between clinical and aquatic strains of A. hydrophila and 70% 
between clinical strains of A. hydrophila and A. sobria (Liou 
et al., 1990). Deduced amino acid sequence analysis show at 
least 90% homology among tested A. hydrophila strains (Hirono 
et al., 1992). Point mutation studies have indicated that
histidine residues at amino acid positions 132 and 107 are 
important in maintaining the pore formation capabilities of 
p-hemolysin, probably due to a role of these residues in 
oligomerization (Wilmsen et al., 1991).
Chopra et al. (1994) identified both heat-labile and
heat-stable cytotonic enterotoxin genes from an A. hydrophila 
diarrheal isolate. Although both gene products elevated cAMP 
level in CHO cells, their cloned genes did not hybridize with 
each other. However, the heat-stable enterotoxin gene 
hybridized to a cloned cytotonic enterotoxin gene from A. 
trota. Cloning experiments in E. coli have revealed the 
presence of a precursor for the cytolytic enterotoxin from 
the same A. hydrophila diarrheal isolate, with a molecular 
weight of 54.5 KDa and a 23 amino acid signal sequence 
(Chopra et al., 1993). The secreted form of the toxin was 
detected in E. coli cell lysates as a 52 KDa protein that was 
able to lyse rabbit red blood cells, destroy CHO cells, cause
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fluid secretion in rat ileal loops, and kill mice 
intravenously.
A 38 KDa extracellular protease from A. hydrophila has 
been cloned and characterized (Rivero et al. , 1990) . The
cloned protease is identical to the native protease purified 
from A. hydrophila in heat stability and EDTA, DTT, and PMSF 
inhibition pattern (Rivero et al. , 1990; Leung and Stevenson, 
1988a). Transposon mutagenesis studies have also been used 
to create protease deficient A. hydrophila mutants that have 
reduced virulence compared to the parent strain (Leung and 
Stevenson, 1988b; Cooper, 1991), but the location of the 
mutation in these strains was not characterized.
The gene coding for the extracellular amylase of A. 
hydrophila has also been cloned and sequenced (Gobius and 
Pemberton, 1988; Chang et al., 1993). The amylase gene
product is transcribed from it own promoter and is secreted 
into the periplasm of E. coli, but is not excreted, probably 
due to the specificity of the signal sequence. Nucleotide 
sequence data identified a 1,3 92 base ORF with a promoter 
containing 4 out of 6 and 2 out of 6 nucleotide sequence 
homologous to the consensus E. coli -35 and -10 promoter 
sequences, respectively. The amylase gene encodes a 443 to 
464 amino acid polypeptide with a 21 to 24 amino acid signal 
sequence, which is similar to other prokaryotic and 
eukaryotic amylases. The three enzymatically functional 
regions described in other amylases that participate in
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catalysis, substrate binding, and calcium binding have also 
been located in the cloned A. hydrophila cloned amylase 
enzyme (Chang et al., 1993) .
The extracellular lipase gene of A . hydrophila has 
expressed in E. coli an ORF of 2,052 bp coding for a 71.8 KDa 
protein, which compares to the 67 KDa native protein produced 
by A. hydrophila (Anguita et al., 1993). The difference in 
size is probably due to post-translational modifications. 
The deduced amino acid sequence of A. hydrophila lipase shows 
a highly conserved region among all other known prokaryotic 
lipase sequences.
The phospholipid-cholesterol acyltransferase gene gcat 
encodes a 31.3 KDa protein that contains a sequence of 281 
amino acids and shares many properties with the mammalian 
lecithin:cholesterol acyltransferase (LCAT). Two regions of 
the cloned GCAT share sequence homologies with the proposed 
active site and binding site of the plasma acyltransferase 
and other interfacially acting lipolytic enzymes (Thornton et 
al. , 1988) . The cloned gcat has a typical 18 amino acid
leader peptide sequence that is similar to 17 of the 18 amino 
acid sequence of A. salmonicida GCAT signal sequence 
(Thornton et al. , 1988) . However, translated GCAT is more
closely related to the aerolysin gene of A. hydrophila than 
to the A. salmonicida gcat gene in terms of the codon usage 
frequency (Howard and Buckley, 1985; Thornton et al. , 1988) .
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THE PYRUVATE FORMATE-LYASE ENZYME AND FERMENTATION 
Anaerobic Metabolism of Facultative Anaerobes
Aeromonas hydrophila, is a facultative anaerobe, i. e. 
it can grow both aerobically and anaerobically using sugars 
as the sole carbon and energy source. Irrespective of oxygen 
availability, each glucose molecule is transported into the 
cell by the phosphotransferase system and catabolized to 2 
pyruvate (CH3COCOOH) molecules by glycolysis (Clark, 1989), 
which generates 2 adenosine triphosphate (ATP) molecules, and 
2 reduced nicotinamide adenine dinucleotide (NADH) molecules 
(figure 1). Pyruvate metabolism then continues by different 
pathways in aerobic and anaerobic conditions.
During aerobic metabolism, pyruvate, the endproduct of 
glycolysis, is converted into acetyl-CoA (H3CO-SCoA) by the 
pyruvate dehydrogenase enzyme (Pdh). Acetyl-CoA is
subsequently degraded by the Krebs cycle and the respiratory 
chain to produce energy in the form of 34 additional ATP 
molecules and to regenerate nicotinamide adenine dinucleotide 
(NAD+) required for oxygen-independent glycolysis (Ingledew 
and Poole, 1984). Under oxygen deprivation, Pdh is 
inactivated, and the Krebs cycle and the respiratory chains 
are no longer functional. The paused respiratory chain 
suggests that the glycolysis-generated NADH must be 
reoxidized to NAD+ by alternative anaerobic pathways to 
ensure the progress of the oxygen-independent glycolytic 
process. These alternatives are mainly the alcoholic and the
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Figure 1: Glucose fermentation in Escherichia coli K12
(after Pascal et al., 1981). Enzyme appreviations: Ack, 
acetate kinase; Adh, alcohol dehydrogenase; Aldh, aldehyde 
dehydrogenase; Ldh, D-lactate dehydrogenase; Pdh, pyruvate 
dehydrogenase; Pfl, pyruvate formate-lyase; Phi, pyruvate 
hydrogen-lyase; and Pta, phosphotransacetylase. NAD denotes 
NAD+.
lactate fermentation pathways (Clark, 1989). The alcoholic 
fermentation pathway is initiated by pyruvate formate-lyase 
enzyme (Pfl), a key enzyme that catalyzes the anaerobic 
conversion of pyruvate to acetyl-CoA (CH3CO-SCoA) and formic 
acid (HCOOH) (Knappe, 1978) . Acetyl-CoA is then metabolized 
to acetate and ethanol through two separate reaction cascades 
(figure 1). During ethanol production, the 2 NADH molecules 
reduced during glycolysis are reoxidized to 2 NAD+molecules, 
which are reused to break down a new glucose molecule by 
glycolysis. When pyruvate concentrations are high or the pH 
is low, the lactate fermentation pathway also regenerates 2 
NAD+, by converting pyruvate into 2D-lactate via the 
fermentative lactate dehydrogenase enzyme (Ldh)(Tarmy and 
Kaplan, 1968) . However, alcoholic fermentation also results 
in the production of an additional ATP molecule during the 
formation of acetate, which is not produced during lactate 
fermentation (figure 1). Therefore, anaerobically grown 
bacterium produce 3 ATP molecules from one glucose molecule 
during glycolysis followed by alcoholic fermentation, but 
only 2 ATP molecules from glycolysis and lactate 
fermentation.
The expression of genes involved in anaerobic 
metabolism, including the pyruvate formate-lyase gene {pfl), 
is regulated transcriptionally by various proteins, such as 
fumarate nitrate reductase (Fnr) and oxidation reduction 
balance C gene (OxrC)(Jamieson and Higgins, 1986; Lambden and
Guest, 1976; Clark, 1984} . While OxrC regulates the 
synthesis of several fermentative and biosynthetic enzymes 
(Jamieson and Higgins, 1986) , Fnr is a positive regulator of 
several anaerobically expressed genes only, including the pfl 
(Shaw et al., 1983) . The transcriptional regulation of the 
pfl by Fnr was also confirmed by Sawers and Bock (1988) and 
Rasmussen et al. (1991), who showed that the normal 10-20
fold anaerobic induction of the pfl operon in E. coli was 
diminished to 3-fold in an fnr E. coli mutant (Rasmussen et 
al., 1991).
In E. coli, the Pfl is a homodimeric, 170-KDa protein. 
It occurs in two forms that are interconverted by an 
activation-deactivation cycle (Knappe and Schmitt, 1976), the 
stable but catalytically inactive Pfli, or E^ , form and the 
active Pfla, or Ea, form. The Ei form is convertible to the 
Ea form by a complex enzymatic reaction that involves a 29.5 
KDa Fe2+-dependent protein called "enzyme II, or activase", 
a reduced flavodoxin (dihydroflavodoxin or Fid) as an 
electron donor, S-adenosyl-L-methionine, and pyruvate as an 
allosteric effector (Knappe et al. , 1969 and 1974) . The
mechanism of activation involves a reduction-oxidation 
process in which S-adenosyl-L-methionine is reductively 
cleaved into L-methionine and 5'-deoxyadenosine while the 
flavodoxin is oxidized. The transient adenosylation of the 
activase was suggested as a requirement for its function as 
a converter enzyme (Knappe and Schmitt, 1976; Knappe, 1978).
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Upon exposure to oxygen, the active Ea form is immediately 
and irreversibly inactivated. However, under anaerobic 
conditions, Ea is relatively stable and spontaneously decays 
to Ei with a half-life of 50 to 140 min at 30 °C and a pH 
ranging from 7.5 to 9.0 (Knappe and Schmitt, 1976). The 
decay conversion of Ea into Ei is inhibited by pyruvate and 
possibly involves a distinct "deactivase" (Knappe and Sawers, 
1990; Kessler et al., 1991).
In 1978, Knappe suggested that an intramolecular 
modification in the protein structure of Pfl occurred when 
one form was converted to the other. This was confirmed by 
Knappe et al. (1984) who demonstrated that post-translational 
activation results from the introduction of a free radical 
into the Ei form by the Fe2+-dependent activase. The location 
of the free radical was later located on carbon-2 of glycine- 
735 (Volker Wagner et al. , 1992) . The glycine radical of Pfl 
functions as a coenzyme for processing pyruvate by a 
homolytic C-C bond cleavage mechanism (Plaga et al., 1988;
Unkrig et al. , 1989) . While it is thermally stable for hours 
at 30 °C, the Pfl is extremely sensitive to oxygen, which 
causes destruction of the free-radical and results in the 
formation of two breakdown products of 82 and 3 KDa from the 
constituent polypeptide chain (Volker Wagner et al., 1992). 
Deactivation is accomplished by the deactivase, which removes 
the free-radical from Gly-735 using Fe2+, NAD, and CoA as 
cofactors (Plaga et al., 1988; Unkrig et al., 1989; Knappe
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and Sawers, 1990; Kessler et al., 1991). Deactivase is an 
anaerobically induced 96 KDa homopolymer protein that 
consists of 891 amino acid residues structured as 40 subunits 
which are helically assembled into a rod of about 130 nm in 
length. Sequence analysis of the deactivase gene (2.7 Kbp) 
revealed its identity to the E. coli alcohol dehydrogenase 
gene (adh) and acetaldehyde dehydrogenase (Kessler et al. , 
1991).
Confirmation of the structural properties of E. coli Pfl 
were revealed after the pfl and the pfl-activase genes were 
cloned and sequenced (Rodel et al. , 1988) . The genes are
located in the minute 2 0 region of the E. coli chromosomal 
map (Varenne et al. , 1975) , and are separated by a 194-
nucleotide sequence containing an inverted repeat sequence 
(Rodel et al. , 1988) . Anaerobic conditions induce expression 
of both cloned proteins by a factor of 10. However, the 
activase is expressed constitutively, suggesting a separate 
control mechanism for the two genes (Rodel et al. , 1988) .
Expression of a pfl'-lacZ fusion protein revealed that the 
gene is subject to a 12-fold anaerobic induction, which can 
be further enhanced by 2-fold if pyruvate is added to the 
growth medium (Sawers and Bock, 1988) .
The pfl ORF and its activating enzyme gene are 2280 and 
738 nucleotides, encoding polypeptides of 760 and 245 amino 
acid residues with molecular weights of 85 and 28 KDa, 
respectively (Rodel et al. , 1988) . While Pfl contains 43% a -
helices and 24% p-sheets, the Pfl-activase secondary 
structure consists of 46% a-helical and 17% P-sheet 
configurations. A potential disulfide bond was identified 
between the adjacent cysteine (Cys) 419 and 420 residues in 
a strongly hydrophobic P-sheet environment (residues 416 to 
425) . The Cys-419 is the interaction site of the enzyme with 
its specific inhibitor hypophosphite, a formate analogue, 
which produces a unique carbon-phosphorus bonded 1- 
hydroxethylphosphonate (Rodel et al. , 1988; Plaga et al. ,
1988) . On the other hand, the SH group of Cys-420 in the 
active Pfl transiently carries the acetyl group in order to 
link the two half-reactions of the catalytic cycle (Rodel et 
al. , 1988 ; Plaga et al. , 1988) . Two lysine residues
positioned at 124 and 541 of the deduced Pfl sequence were 
N9-acetylated, indicating a role in the acetyl-transfer- 
dependent covalent catalytic conversion of the enzyme through 
the Cys-420 residue (Rodel et al., 1988) . The deduced amino 
acid sequence of the activase is unusually rich in His (11) 
and Cys (7) residues, three of which are clustered in 
positions 29, 33, and 36, suggesting their role in the
putative Fe-binding and redox-functional properties of the 
activase (Rodel et al., 1988).
A naturally occurring E. coli pfl mutant was isolated by 
Varenne et al. (1975) . The mutant was unable to produce
formate or H2 anaerobically in minimal medium with either 
glucose or pyruvate as the sole carbon and energy source.
44
However, when formate or acetate was added, the mutant grew 
and produced hydrogen (Varenne et al., 1975; Pascal et al., 
1981; Mat-Jan et al. , 1989). Acetate or formate
supplementation likely allows the mutant to grow through the 
lactate fermentation pathway. Evaluation of Pfl production 
indicated that the wild type E. coli contained 30 units of 
Pfl per cell, while the mutant strain produced only 0.5 unit 
per bacterium. Furthermore, double mutants of the lactate 
dehydrogenase gene (Idh) and the pfl were unable to grow 
anaerobically on glucose or other sugars even in rich medium 
or when supplemented with acetate (Mat-Jan et al., 1989). 
Importance of Fermentation
Fermentation is an important biological process to both 
the survival of many microorganisms and for the benefit of 
mankind. Streptococcus mu tans, Streptococcus sanguis, and 
Streptococcus faecalis are the major acidogenic agents often 
found in dental plaque (Abbe et al. , 1982; Yamada et al. ,
1985; Yamazaki et al., 1976) . Acids produced during
fermentation of sugars by these bacteria in dental plaque can 
decalcify the superficial layers of tooth enamel and initiate 
tooth decay (Kenney and Ash, 1969).
Under strictly anaerobic conditions, alcohol 
fermentation is predominant to lactate fermentation in S. 
mutans grown with excess galactose or mannitol than with 
glucose (Abbe et al., 1982), due to increased Pfl production 
(Yamada et al. , 1985) . However, the predominance of either
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pathway is probably more dependent on the regulation of Pfl 
and Ldh in S. mutans than on the sugar type (Yamada and 
Carlsson, 1975 and 1976) . Iwami et al. (1992) later
suggested that intracellular pH and differences in the pH 
optima between Pfl and Ldh are responsible for the switch 
between the two pathways. At culture pH 7.8, the optimum pH 
for Pfl in oral streptococci, alcoholic fermentation is more 
dominant than lactate fermentation, whereas the later is 
predominant at pH 5.5 to 6.3, the optimum pH for Ldh.
The fermentation industry has utilized recent 
biotechnological advances to maximize bacterial ethanol 
production by manipulating the Pfl and the Ldh pathway. 
Under anaerobiosis, the Ldh-mediated lactate fermentation 
pathway is predominant to the Pfl alcoholic fermentation 
pathway in the thermophilic bacterium, B. stearothermophilus 
(Payton and Hartley 1985). By inactivating the Ldh enzyme, 
Payton and Hartley (1985) created a mutant strain with 
predominant Pfl pathway, producing larger amounts of ethanol, 
acetate, and formate than the parent strain. Using a 
modified defined minimal medium, researchers were able to 
further enhance ethanol production rate by the Ldh mutant to 
1 gram per gram of cells per hour, a rate which far exceeds 
that of yeast, Saccharomyces cerevisiae (San Martin et al., 
1992 and 1993).
In Zymomonas mobilis, pyruvate is anaerobically 
metabolized into either acetate through the Pfl pathway, or
acetaldehyde by the pyruvate decarboxylase enzyme (Pdc), 
which is broken down to ethanol by the alcohol dehydrogenase 
enzyme (Adh) through the Pdc/Adh pathway. While Z. mobilis 
has the most active Pdc system, it is incapable of fermenting 
pentose sugars (Rogers et al. , 1982) . On the other hand,
Klebsiella planticola, a Gram-negative facultative anaerobic 
enteric bacterium, ferments a wide range of sugars, including 
most hexoses and all pentoses (Bagley et al., 1981). Under 
anaerobic conditions, the endproducts of the K. planticola 
Pfl pathway are acetate, ethanol, and formate with a molar 
ratio of 1:1:2 (Tolan and Finn, 1 9 8 7 ) By transferring the 
pyruvate decarboxylase gene (pdc) from Zymomonas mobilis into 
a wild-type K. planticola strain, ethanol production 
increased at the expense of acetate and formate production, 
due to higher influx of pyruvate through the Pdc pathway 
(Tolan and Finn, 1987) . When the recipient K. planticola was 
a pfl mutant strain, ethanol production levels further 
elevated to 84% of the fermentation endproducts, where 387 mM 
ethanol were produced from 275 mM xylose in 80 h (Feldmann et 
al., 1989). Ohta et al. (1991) were successful in
integrating the pyruvate decarboxylase (pdc) and the alcohol 
dehydrogenase (adhB) genes of Z. mobilis into the pfl of E. 
coli. This chromosomal integration caused interruption of 
the pfl ORF and subsequently pausing a competing branch point 
for the diversion of pyruvate away from homo-ethanol 
production. However, more ethanol was produced, due to
increased expression from the integrated genes utilizing the 
pfl operon multiple promoters, converting the E. coli strain 
into an ethanologenic bacteria.
The knowledge gained by learning how these primitive 
organisms live in different adverse conditions is invaluable. 
These data also point out the potentiality of genetic 
manipulations in directing the fermentative pathways towards 
predominant ethanol production which matches the universal 
demand of ethanol as an alternative fuel.
CHAPTER THREE 
CLONING, EXPRESSION, AND SEQUENCE ANALYSIS OF THE 
PYRUVATE FORMATE-LYASE ENZYME OF AEROMONAS HYDROPHILA 
INTRODUCTION
Aeromonas hydrophila and Aeromonas sobria, the dominant 
members of motile aeromonads, are the etiological agents of 
a serious bacterial disease of aquatic animals called motile 
aeromonad septicemia (MAS) (Thune et al. , 1993). Aeromonas
hydrophila, like Escherichia coli, is a facultative anaerobe 
that grows both aerobically and anaerobically using sugars as 
the sole carbon and energy source (Popoff, 1984; Clark, 
1989) . While screening an A. hydrophila genomic DNA library 
for the S-layer protein gene of A. hydrophila with rabbit 
anti-S-layer protein antiserum, the pyruvate formate-lyase 
gene (pfl) was isolated. The pyruvate formate-lyase enzyme 
(Pfl), the pfl product, catalyzes the anaerobic formation of 
acetyl coenzymeA (acetyl-CoA) and formate from pyruvate, 
initiating the alcoholic fermentation pathway in E. coli 
(Clark, 1989; Knappe, 1978). While the enzyme is active 
under strictly anaerobic conditions, it is completely 
inactive in aerated bacterial cultures.
The role that nutritional or environmental conditions, 
including anaerobic metabolism, play in MAS pathogenesis is 
poorly understood. In other bacterial diseases, however, 
anaerobic metabolism has been recently recognized as a 
synergistic factor in pathogenesis with other known virulence
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factors. For example, anaerobic growth significantly boosts 
adherence, uptake, and invasiveness of Salmonella typhimurium 
to epithelial cells (Lee and Falkow, 1990; Schiemann and 
Shope, 1991). Anaerobic growth has also been demonstrated to 
elevate toxin production by an atypical Vibrio cholerae 
strain to levels similar to those generated by toxigenic 
strains (Chakrabarti et al. , 1991) . Also, toxic acetaldehyde 
production during the alcoholic fermentation of Helicobacter 
pylori may significantly contribute to the pathogenesis of 
human gastroduodenal diseases associated with this bacterium 
(Salmela et al. , 1994) . Finally, necrotic dental root canal 
infections are often found dominated by 4-7 polymicrobial 
facultative anaerobic bacteria (Haapasalo, 1993). These data 
indicate that anaerobic metabolism can play a role in the 
pathogenesis of bacterial diseases caused by facultative 
anaerobes. Fermentative growth probably augments bacterial 
survival in the anaerobic conditions often found in necrotic 
lesions associated with infected tissues, thus favoring 
subsequent metastasis to healthy, well-oxygenated tissues. 
As a first step in evaluating this hypothesis, the pfl of A. 
hydrophila was sequenced and a deduced amino acid sequence of 
the Pfl was obtained. Other structural criteria, including 
the catalytic site of the A. hydrophila enzyme, were also 
characterized and compared to the Pfl of E. coli.
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MATERIALS AND METHODS 
Media, Vectors and Bacteria
Vectors and bacterial strains used are listed in 
appendix A. Brain heart infusion (BHI) broth and agar 
(Difco, Inc., Detroit, MI) were used to grow Aeromonas 
hydrophila (AH166), while Luria-Bertani (LB) broth and agar 
(Sambrook et al. , 1989) were used to culture Escherichia coli 
XL-1 Blue cells. The NZY agar [5 g NaCl, 2 g MgS04.7H20, 5 
g yeast extract, 10 g NZ amine (casein hydrolysate), and 15 
g Difco agar per liter] and top agar (same as NZY agar, 
except replacing Difco agar with 0.7% agarose) were used to 
plate the XL-1 Blue-phage mixture and 2X YT broth (10 g NaCl,
10 g yeast extract and 16 g Bacto-tryptone per liter) was 
used for in vivo excision of positive recombinant pBluescript 
SK(-) phagemids (Stratagene, Inc., La Jolla, CA) . Ampicillin 
(AMP) (Sigma Chemical Co., St. Louis, MO) at 100 /j.g/ml and 
tetracycline (Sigma chemical Co.) at 12 .5 /xg/ml were used to 
maintain E. coli clones and lysates. The phage vector X ZAP
11 with EcoRI, pre-dephosphorylated ends (Stratagene) was 
used to construct a random A. hydrophila genomic DNA library. 
The phage vector contains the pBluescript SK(-) phagemid, 
which can be excised by superinfection with the R408 
filamentous helper phage (Stratagene).
Preparation of A. hydrophila Genomic DNA
A large scale genomic DNA preparation of A. hydrophila 
(strain AH166) was obtained as described by Ausubel et al.
(1987). Briefly, cells from a 100 ml overnight culture in 
BHI broth were suspended in 9.5 ml T^ Ej^  buffer (pH 8.0) and 
lysed with 10% sodium dodecyl sulfate (SDS) and 100 g/ml of 
proteinase K. The lysate was incubated for 1 h at 37 °C, and
1.8 ml of 5 M NaCl and 1.5 ml of NaCl/CTAB 
(hexadecyltrimethyl ammonium bromide) added and the mixture 
incubated for 20 min at 65 °C. Finally, an equal volume of 
1:1 chloroform/isoamyl alcohol was added to the lysate and 
the phases separated at 4,000 g at room temperature. The 
aqueous supernatant containing genomic DNA was transferred to 
a fresh tube and 0.6 volume of isopropanol was added to 
precipitate the DNA, which was then washed in 70% ethanol. 
Genomic DNA was pelleted by centrifugation in a refrigerated 
centrifuge (Dupont Co., Wilmington, DE) at 10,000 g, dried 
and resuspended in 4 ml T^ E-l buffer. The DNA concentration 
was measured spectrophotometrically at 260 nm wavelength, 
adjusted to 100 /x g/ml and purified twice on cesium 
chloride/ethidium bromide gradients in sealed ultracentrifuge 
tubes at 150,000 g for 24 h in a fixed angle preparative 
rotor (Beckman Instruments, Inc., Fullerton, CA). Ethidium 
bromide was removed by extraction in isobutanol. Cesium 
chloride was removed from the chromosomal DNA by dialysis 
against three changes of 1 L T^ E-l and a single change of 1 L 
T5E0 x for 12 h each. Pure genomic DNA was diluted with T10E1 
to yield 500 /zg/ml, aliquoted, and frozen at -20 °C.
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Construction of A. hydrophila Genomic DNA Library
Pre-dephosphorylated EcoRI X ZAP II arms were used for 
cloning A. hydrophila EcoRI-digested genomic DNA into XL-1 
Blue cells (Stratagene). Briefly, genomic DNA was partially 
digested with EcoRI (Gibco BRL, Life Technologies, Inc., 
Gaithersburg, MD), separated on a 0.7% low melt agarose gel 
at 5 volts/cm using a horizontal electrophoresis unit and a 
power supply (BioRad Laboratories, Inc., Hercules, CA). 
Fragments ranging in size from 3 to 10 Kbp were excised from 
the gel, phenol/chloroform (1:1) extracted, and ethanol 
precipitated (Sambrook et al. , 1989) . Genomic DNA fragments 
were ligated to the EcoRI site of A ZAP II DNA at a molar end 
ratio of 1 to 1, packaged using a GigaPack II XL kit 
(Stratagene), aliquoted, and stored at 4°C. Phage titer was 
determined in XL-1 Blue host cells grown in LB broth 
supplemented with 0.2% maltose and 10 mM MgS04. Briefly, 
cells suspended in 0.5 ml aliquots of 10 mM MgS04 (OD600 of 
0.5) were infected with serial 10-fold dilutions of cloned, 
packaged X ZAP II phages, mixed with 3 ml aliquots of melted 
top agar (48 °C) , 15 //I of 0.5 M IPTG (in distilled water) and 
50 fil of 250 mg/ml X-gal (in DMF) , and plated onto 150 mm NZY 
agar containing AMP. After overnight incubation at 37 °C, 
blue and white plaques were counted to determine ligation 
efficiency. The library was amplified using the optimum 
phage dilution for screening as described in detail below.
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Plaque Lifts and Antibody Screening of Plaques
Direct screening was performed on plaques produced by 
infecting XL-1 Blue cells in 10 mM MgS04 (OD600 = 0 . 5) to 
yield approximately 672 pfu per 150 mm NZY agar plate. 
Plates were incubated at 42 °C for 3 1/2 h and overlaid with 
150 mm circular nitrocellulose membranes presoaked in 10 mm 
IPTG. After overnight incubation at 37 °C, membranes were 
marked for orientation, lifted, and processed for antibody 
screening.
Antibody screening of plaques was performed according to 
Sambrook et al. (1989) . Nitrocellulose membranes were
individually placed in 150 mm petri dishes, and washed twice 
for 30 min in 40 ml TNT buffer [10 mM Tris.Cl (pH 8.0), 150 
mM NaCl, 0.05% Tween 2 0] to remove agarose remnants. 
Membranes were blocked for 3 0 min in TNT buffer containing 5% 
nonfat dried milk (Carnation). They were then incubated for 
2 h in blocking buffer containing 20 mis of 1:1,000 of rabbit 
anti-A. hydrophila (AH166) S-layer protein antiserum that had 
been preadsorbed with nonrecombinant X ZAP II-XL-1 Blue 
lysates. Membranes were washed for 10 min in each of the 
following washing buffers in order: TNT with 0.1% BSA (bovine 
serum albumin), TNT with 0.1% BSA + 0.1% NP-40 (Nonidet P- 
40), and TNT with 0.1% BSA, followed by a 1 h incubation in 
affinity-purified goat anti-rabbit Ig conjugated to horse 
radish peroxidase (HRP) (BioRad Laboratories) , diluted 1: 3 , 000 
in blocking buffer. Membranes were washed three times,
incubated for 15 min in developing solution [60 mg of 4- 
chloro-l-naphthol in 20 ml of ice cold methanol and 100 ml 
freshly prepared solution of 10 mM Tris.Cl (pH 7.5), 150 mM 
NaCl containing 60 /x 1 of 30% H202] , washed with distilled 
water, dried overnight, and examined for potential positive 
plaques. Agar plugs containing positive plaques were removed 
from the master agar plates using Pasteur pipettes and gently 
agitated overnight in 1 ml of SM buffer containing 2 drops of 
chloroform at 4°C to elute phage particles. The titer for 
each phage isolate was determined and reinfection and 
antibody screening was repeated until each batch produced a 
homogenous population of immunoreactive recombinant phages. 
In Vivo Excision
Cloned pBluescript SK(-) phagemids were excised from 
individual antibody positive plaques according to the 
manufacturer's protocol (Stratagene) . Briefly, 200 /xl of 
positive phage stocks (>5 X 105 pfu/ml) were mixed with 1 jil 
of R408 helper phage (>1 X 10s pfu/ml) and 200 jx 1 of freshly 
grown XL-1 Blue cells in LB broth (OD600 = 1 ) . The mixture 
was incubated at 37 °C for 15 min followed by the addition of 
5 ml of 2X YT media and further incubation for 3 h at 37 °C 
with gentle shaking. Tubes were heated at 70 °C for 20 min 
to release excised single-stranded pBluescript SK(-) phagemid 
packaged as filamentous phage particles, which were collected 
as supernate following centrifugation in a Marathon 21K/BR 
centrifuge (Fisher Scientific, Pittsburgh, PA) at 1,500 g for
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5 min. Rescued filamentous phage particles were used to 
infect fresh XL-1 Blue host cells, which were plated on 
LB/AMP agar and incubated for a 10 h at 42 °C followed by 10 
h at 37 °C. A colony from each clone containing individual 
excised recombinant pBluescript phagemids was plated on 
LB/AMP agar, transferred onto a nylon membrane, lysed and 
assayed for expression using direct antibody screening. 
Positive bacterial clones were further characterized using 
plasmid preps and Western blot analysis.
Identification of the pfl Clone on Western Blot
A single colony from each positive clone was inoculated 
into LB/AMP, grown to mid-log phase (OD600 = 0 . 2 ) at 37 °C, 
IPTG was added to a final concentration of 10 mM and 
incubation continued until early stationary phase (OD600 = 
1.0). Cells were pelleted and lysed in 50 mM Tris (pH 8.0), 
ImM EDTA (pH 8.0), 100 uM PMSF (protease inhibitor), and 10% 
sucrose. Lysozyme was added to a final concentration of 1 
mg/ml, followed by a 10 min incubation at 4 °C. Cellular 
debris was pelleted by centrifugation (Fisher) at 45,000 g 
for 1 h. Supernatant was collected and stored in aliquots at 
-80 °C.
Supernatants were separated on a 12% SDS-polyacrylamide 
gel at 2 volts/cm, using a vertical slab gel unit (Hoefer, 
Inc., San Francisco, CA) and transferred to nitrocellulose 
membranes overnight at 20 volts, using an electroblotter unit 
(Hoefer) and power supply (BioRad Laboratories)(Laemmli,
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1970; Towbin et al. , 1979) . Cross-reacting polypeptides were 
visualized on the nitrocellulose membranes using the same 
immunostaining procedure used for plaque screening. 
Expression was compared from cultures grown with and without 
IPTG and correlated to insert sizes determined in plasmid 
preps as described below.
Plasmid Preps
Phagemid DNA was obtained for each positive clone by 
alkaline plasmid lysis (Birnboim, 1983; Ausubel et al., 
1987), washed with two changes of 70% ethanol, dried and 
resuspended in 50 /xl TE buffer containing 20 /xg/ml RNase. 
Two microliters of each plasmid prep were removed, completely 
digested with EcoRI restriction endonuclease using the 
manufacturer's recommended procedures (Gibco BRL, Life 
Technologies), and examined by gel electrophoresis at 5 
volts/cm using 0.7% agarose and a horizontal electrophoresis 
unit and a power supply (BioRad Laboratories).
Mapping, Subcloning and DNA Sequencing
A partial restriction endonuclease map was determined 
for the EcoRI inserts contained in the recombinant phagemids, 
pMA12+ and pMA12- (appendix A) , which were isolated from 
immunoblot-positive XL-1 Blue clones MA 12+ and MA 12-, 
respectively. Restriction endonucleases used for mapping and 
subsequent subcloning were EcoRV, Clal, BamHI, Hindlll, EagI, 
and AccI (Gibco BRL, Life Technologies) . The orientation of 
these sites on the insert was confirmed using unique
restriction endonuclease recognition sites in the multiple 
cloning region of pBluescript. Both phagemids contained a 
9.15 Kbp insert with identical restriction maps, oriented in 
opposite directions in the pBluescript multiple cloning site. 
Phagemid pMA12+ was subcloned in pBluescript SK(-) phagemid 
using Clal, EcoRV, HindiII and EagI complete restriction 
digests. Subclones were introduced by heat shock (2 °C to 42 
°C) into previously frozen, CaCl2-prepared competant XL-1 Blue 
cells (Hanahan, 1983) and plated on LB/AMP agar. 
Transformants were immunoscreened directly and by Western 
blots with and without IPTG induction.
A phagemid subclone, designated as pMA8, containing a
4.8 kbp EcoRV-EcoRI subclone (4.8 Kbp) and expressing two 
polypeptides was further characterized by double-stranded DNA 
dideoxy sequencing (Sanger et al. , 1977) using primer walking 
techniques with Sequenase and Taquence sequencing kits 
(United States Biochemical Corp., Cleavland, OH) and 35S dATP 
(Dupont). Initial sequence reactions were performed from T3 
and T7 primers located in pBluescript and flanking the 
insert. Subsequent sequencing reactions proceeded using 
oligonucleotide synthesized primers deduced from the 
generated sequence (Appendix B) . DNA sequence of the pfl and 
its deduced peptide sequence and structure were analyzed 
using GCG (Genetics Computer Group, Inc., Madison, WI) and 
PC/GENE (Intelligenetics, Inc., Mount View, CA) software.
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RESULTS 
Genomic DNA Library and Pfl expression
Titration of the A. hydrophila genomic DNA library 
revealed a packaging efficiency of 4 X 105 pfu per fig of A 
arms DNA. Approximately 1% of the plaques produced under 
IPTG induction were blue indicating efficient insert ligation 
to the phage DNA. Overall efficiency was 2.7 X 107 white 
pfu/jug of genomic DNA. Overall, approximately 117600 plaques 
were screened, which represents the genomic DNA approximately 
25 times with a 99% probability, assuming that A. hydrophila 
genome size is closely related to the 4.3 X 106 bp size of E. 
coli genome (Sambrook et al., 1989) .
Direct antibody screening of plaques resulted in the 
isolation of 50 individual purple circles representing 
positive plaques with different degrees of color intensity. 
In vivo excision was successful in rescuing 3 6 recombinant 
pBluescript SK(-) phagemid from individual positive phage 
clones, as indicated by the production of AMP resistant XL-1 
Blue colonies. Direct colony immunoblotting and Western 
blotting revealed that only two excised phagemid clones, 
designated as pMA12+ and pMA12-, expressed two immunoreactive 
polypeptides of 85 and 82 KDa sizes (figure 2) . The two 
clones each contained a 9.15 Kbp insert (figure 3), and 
expressed polypeptides with and without IPTG induction, 
indicating the presence of an intact promoter(s). 
Restriction enzyme mapping with Clal, EagI, Hindlll, AccI,
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Figure 2: Western blot of XL-1 blue cells containing
positive cloned pBluescript phagemids. Lanes 1 & 2, Lysates 
of XL-1 Blue cells containing pMAl2+ and pMAl2- phagemids, 
respectively. Both lanes express an 85 and 82 KDa 
polypeptide bands. Lane 3, lysates of XL-1 Blue cells
containing the pBluescript SK(-) phagemid; and lane 4, 
lysates of XL-1 Blue cells.
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Figure 3: Agarose gel electrophoresis of recombinant
phagemid preps. Lane 1, Lambda DNA-Hindlll digest standard; 
lanes 2 through 14, are various recombinant pBluescript SK- 
phagemids completely digested with EcoRI, showing the 2.96 
Kbp EcoRI linear pBluescript phagemid lane and different 
EcoRI inserts. Lane 7 and 11, recombinant pMAl2+ and pMA12-, 
respectively, showing a 9.15 Kbp size insert.
BamHI and EcoRV indicated that the two immunoreactive 
phagemids contained the same insert in opposite orientation 
(figure 4). Therefore, clone pMA12+ was chosen for 
subcloning. Western blot analysis of subclones revealed an 
immunoreactive 4.8 Kbp EcoRI-EcoRV fragment, contained in 
clone pMA8, expressing both proteins with and without IPTG 
induction. No other subclone expressing either truncated or 
full size protein was identified. Sequence analysis showed 
an open reading frame (ORF) of 2280 bp (figure 5) with a 59% 
GC content that is preceded by an 8 base, purine-rich Shine- 
Delgarno ribosome binding site sequence, and semi- 
conservative -10 and -35 promoter sequence regions (5/6 base 
pairs). A hairpin loop located between bases 2497 and 2510 
represents a candidate loop termination site, with a 5 base 
pair stem, a 4 base loop and potential free energy of -2.8 
kilocalorie (Kcal). Sequence analysis of the ORF also 
indicated a 70% identity with the E. coli pfl (figure 6) . 
The ORF codes for a 760 amino acid polypeptide with a 
molecular weight of 85.5 KDa (figure 5) and an 84% similarity 
and a 77.5% identity to E. coli Pfl (figure 7). Therefore, 
the ORF is actually the pfl of A. hydrophila.
Using the computerized Garnier method, the A. hydrophila 
Pfl consists of 46% a-helical and 39% p-sheet configurations 
(Garnier et al. , 1978). The PC/GENE software program
prediction of protein structure indicates that the enzyme is 
a cytoplasmic protein with a pi of 5.71. A glycine radical
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Figure 4: Restriction endonuclease map of inserts.
Restriction endonuclease maps are presented for inserts MA 
12+ and MA 12- cloned in pMA12+ and pMA12- phagemids, 
respectively. The MA 12- insert map is brief to illustrate 
its opposite orientation to MA 12+ insert.
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AATGATCGCGCTGGATGCCATTCGTCTGGGGCTTAAGGTTCGTCA
GGCCGAGTGCGTCTGACATCTTCCACTGTAGTGTCATGAGTAGTG
-35
AATGAGGTTTATTTGATGAAAGTTGATATGGAATTGGATCAGGAT 18
-10 SD M Q L D Q D  6
AAATTCCGTCAGGCATGGCAAGGGTTTGCCGGTGAAAACTGGAAG 6 3
K F R Q A W Q G F A G E N W K  21
CACGAGATCAACGTCCGTGATTTTATCCAGCAGAACTACACCCCC 10 8 
H E  I N V R D F I Q Q N Y T P  36
TATGAAGGTGACGAACAGTTTTTAGCAGATGCCACCGAAGCGACC 153 
Y E G D E Q F L A D A T E A T  51
ACCACTTTATGGAACAAGGTGATGGAGGGGATCCGCATCGAGAAT 19 8 
T T L W N K V M E G I R I E N  66
GCCACCCACGCGCCCGTTGATTTTGATACCAATATTGCCACCACA 243
A T H A P V D F D T N I A T T  81
ATCACCGCCCACGGGCCGGGTTATATCGAGCAGGGGCTGGAAAAA 2 88 
I T A H G P G Y I E Q G L E K  96
ATCGTTGGCCTGCAAACCGACAAGCCCCTTAAAAGAGCACTGCAT 3 3 3
I V G L Q T D K P L K R A L H  111
CCATTTGGCGGCGTAAATATGATCCGCAGCTCTTTTGAAGCATAT 3 78
P F G G V N M I R S S F E A Y  126
GGCCGGGAGATGGATCCCGAATTTGAATATACCTTCAGCGAATTG 4 2 3
G R E M D P E F E Y T F S E L  141
CGCAAAACCCATAACCAGGGAGTGTTCGACGTCTACTCTCCCGAG 4 68
R K T H N Q G V F D V Y S P E  156
ATGTTGCGCTGCCGAAAATCAGGAATTTTGACCGGTTTGCCGGAT 513
M L R C R K S G I L T G L P D  171
GGTTACGGCCGTGGTCGCATTATCGGAGATTATCGTCGGGTCGCG 558
G Y G R G R I  I G D Y R R V A  186
CTCTATGGCATAGATTATCTAATCCGTGAGCGGGAGCTGCAGTTT 6 03
L Y G I D Y L I R E R E L Q F  201
GCCGATCTGCAACCGGCGCTTGAGCGGGGAGAGCAGCTGGAGCAG 64 8
A D L Q P A L E R G E Q L E Q  216
GTGATCCGCCAGCGCGAGGAGCTGGCCGAGCACAAGCGGGCACTG 6 93
V I R Q R E E L A E H K R A L  231
GTGCAGATCAAGCAGATGGCGGCCAACTACGGCTTTGACATCTCC 73 8
V Q I K Q M A A N Y G F D I S  246
GGGCCAGCACGCACGGCGCAGCAGGCGGTGCAGTGGCTCTACTTT 783
G P A R T A Q Q A V Q W L Y F  261
GCCTATCTGGCTGCGGTGAAGTCGCAAAATGGCGGGGCCATGTCC 82 8
A Y L A A V K S Q N G G A M S  276
Figure 5: Nucleotide sequence of the pfl and deduced amino
acid sequence of the Pfl of A. hydrophila AH16 6 strain. 
Nucleotides are numbered consecutively, beginning the with 
start codon. Promoter regions at the -35, -10 and Shine-
Delgarno ribosome binding site (SD), and hairpin-loop 
termination region (HL) are underlined. Initiation (ATG) and 
termination (TAA) codons are in bold.
(fig. 5, cont'd)
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CTCGGTCGTACTGCCACCTTCCTCGACATCTATATCGAGCGGGAT 8 73
L G R T A T F L D I Y I E R D  291
CTTAAGGCGGGGCTTATCAGCGAGCAGGATGCCCAGGAGCTGGTT 918
L K A G L I S E Q D A Q E L V  306
GATCACTTCATCATGAAGATCCGCATGGTACGTTTCCTGCGTACC 963
D H F I M K I R M V R F L R T  321
CCCGAGTTTGACACCCTCTTCTCCGGCGACCCCATTTGGGCCACC 10 0 8 
P E F D T L F S G D P I W A T  336
GAGGTGATTGGTGGCATGGGGCTGGATGGTCGCACCCTGGTGACC 10 53 
E V I G G M G L D G R T L V T  351
AAGAGCTCCTTCCGCTACCTCCACACCCTCAAGACCATGGGGCCG 10 9 8 
K S S F R ' Y L H T L K T M G P  366
GCGCCCGAGCCCAACCTCACCATCCTCTGGGCGGAAGGACTGCCG 114 3 
A P E P N L T I L W A E G L P  381
CGGGCCTTCAAGACCTATGCGGCCCGCGTCTCCATCGATACCTCA 1188
R A F K T Y A A R V S  I D T S  396
TCCCTGCAGTATGAGAACGATGACCTGATGCGCACCGACTTCGAG 12 33 
S L Q Y E N D D L M R T D F E  411
AGCGATGACTACGCCATCGCCTGCTGCGTGAGCCCCATGGTGATC 12 78 
S D D Y A I A C C V S P M V I  426 
GGCAAGCAGATGCAGTTCTTCGGTGCCCGCGCCAACCTGGCCAAG 13 23 
G K Q M Q F F G A R A N L A K  441 
ACCCTGCTCTATTGCATCAACGGTGGCGTGGACGAGAAGCTGAAG 13 68 
T L L Y C I N G G V D E K L K  456 
ATCCAGGTTGGCCCGAAAGTGGCGCCCATCATGGACGAGGTGCTG 1413 
I Q V G P K V A P I M D E V L  471 
GATTACGAGACCGTCATGGCCAGCCTCGACAGCTTTATGGATTGG 14 5 8 
D Y E T V M A S L D S F M D W  486 
CTGGCGGTGCAGTACATCAGTGCGCTCAACCTTATTCACTACATG 15 03 
L A V Q Y I  S A L N L I H Y M  501 
CACGACAAGTACAGCTATGAGGCTTCCCTGATGGCGCTGCACGAT 154 8 
H D K Y S Y E A S L M A L H D  516 
CGCGACGTCTATCGCACCATGGCCTGCGGCATTGCCGGTCTGTCG 15 93 
R D V Y R T M A C G I A G L S  531 
GTGGCGGTCGATTCGCTGGCGGCCATCAAGTACGCTCGGGTCAAG 163 8 
V A V D S L A A I  K Y A R V K  546 
CCGGTGCGCGATGCTGACGGGCTGGCGGTCGATTTTGTGATTGAG 16 83 
P V R D A D G L A V D F V I E  561 
GGGGAGTATCCCCAGTACGGCAACAACGACGAGCGGGCCGACTCC 172 8 
G E Y P Q Y G N N D E R A D S  576 
ATCGCCTGCGATCTGGTCGAGCGCTTCATGAAGAAGATCCAGGCG 1773 
I A C D L V E R F M K K I Q A  591 
CTGCCGACCTACCGCAATGCGGTGCCGACCCAGTCGATCCTGACC 1818 
L P T Y R N A V P T Q S  I L T  606 
ATCACCTCCAACGTGGTCTATGGCCAGAAGACCGGCAACACCCCG 1863 
I T S N V V Y G Q K T G N T P  621 
GATGGCCGCCGCGCCGGTGCCCCGTTTGCGCCGGGGGCCAACCCG 19 0 8 
D G R R A G A P F A P G A N P  636
(fig. 5, cont'd)
65
ATGCACGGTCGGGATCGCAAGGGGGCGGTCGCTTCGCTCGCCTCG 1953 
M H G R D R K G A V A S L A S  651 
GTGGCCAAGCTGCCGTTCAAATATGCCAAGGACGGGATCTCCTAC 1998 
V A K L P F K Y A K D G I S Y  666 
ACCTTCTCCATCGTGCCGGGGGCGCTCGGCAAGGAGCCGGCCAAT 2 043 
T F S I V P G A L G K E P A N  681 
CGCGAGAACAATCTGGTGGGGCTGATGGATGGCTACTTCCATCAT 2 088 
R E N N L V G L M D G Y F H H  696 
GAGCGGGATGTAGAAGGGGGCCAGCACCTCAACGTCAACGTGATG 213 3 
E R D V E G G  Q H L N V N V M  711 
AACCGCGAGATGCTGCTGGATGCCATCGAGAATCCGGACAAGTAT 2178 
N R E M L L D A I E N P D K Y  726 
CCCAGCCTGACCATCCGGGTCTCCGGCTATGCGGTGCGCTTCAAC 2223 
P S L T I R V S G Y A V R F N  741 
GCCCTGACCCGCGAGCAGCAGCAGGACGTCATCTCCAGAACCTTC 22 68 
A L T R E Q Q Q D V I S R T F  756 
AGGAACATGATGTAACTCTGATGGGGGGGGTGAGGAGGTTTGGTG 228 0 
T N M M HL 760
CGGGCCTACTTTTTGTTTGTCAGCACGAGGAAGTAACAGATGCGA
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AH ATGCAATTGGATCAGGATAAATTCCGTCAG-GCATGGCAAGGGTTTGCCG 
III 1 1 1 II III 1 1 II II II 1 1 1 II III II
49
EC
Ah
I I I  1 1 1 I I  M l  1 1 I I  I I  I I I  1 1 1 1 I I I  I I
ATGTCCGAGCTTAATGA-AAAGTTAGCCACAGCCTGGGAAGGTTTTACCA 
GTGAAAACTGGAAGCACGAGATCAACGTCCGTGATTTTATCCAGCAGAAC 
1 1 1 1 1 1 II 1 II 1 1 1 1 1 1 1 II 1 1 1 II II III 1 III
49
99
EC
Ah
1 I I  1 1 1 I I  1 I I  1 1 1 1 1 1 1 1 1 1 1 1 I I  I I  I I I  1 I I I  
AAGGTGACTGGCAGAATGAAGTAAACGTCCGTGACTTCATTCAGAAAAAC 
TACACCCCCTATGAAGGTGACGAACAGTTTTTAGCAGATGCCACCGAAGC 
1 II 1 1 II II II 1 1 1 1 1 1 1 1 II 1 II 1 II II II 1 1 1
99
149
Ec
Ah
1 1 1 1 1 I I  I I  I I  1 1 1 1 1 1 1 1 I I  1 I I  1 I I  I I  1 1 1 1 1 
TACACTCCGTACGAGGGTGACGAGTCCTTCCTGGCTGGCGCTACTGAAGC 
GACCACCACTTTATGGAACAAGGTGATGGAGGGGATCCGCATCGAGAATG 
1 1 1 1 1 II 1 1 1 II 1 II 1 1 II 1 1 1 1 1 II 1 1 II II
149
199
EC
Ah
1 1 1 1 1 1 1 1 1 1 I I I  1 1 1 1 I I  1 1 1 1 1 I I  1 1 I I  I I
GACCACCACCCTGTGGGACAAAGTAATGGAAGGCGTTAAACTGGAAAACC 
CCACCCACGCGCCCGTTGATTTTGATACCAATATTGCCACCACAATCACC 
III 1 1 1 II 1 II 1 1 1 1 1 1 II 1 1 III 1 1 1 II till 1 II 1 II
199
249
Ec
Ah
I I I  1 1 I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I  1 1 1 1 1 I I  1 1 I I  1 1 1 1
GCACTCACGCGCCAGTTGACTTTGACACCGCTGTTGCTTCCACCATCACC 
GCCCACGGGCCGGGTTATATCGAGCAGGGGCTGGAAAAAATCGTTGGCCT 
1 1 1 1 1 1 II II III 1 II III II 1 II 1 1 1 1 1 1 II II
249
299
Ec
Ah
1 M M  ! f 1 M  M l  1 I I  I I  1 I I  I I  I I  I I  1 I I  I I  I I
TCTCACGACGCTGGCTACATCAACAAGCAGCTTGAGAAAATCGTTGGTCT 
GCAAACCGACAAGCCCCTTAAAAGAGCACTGCATCCATTTGGCGGCGTAA 
III II II II II III 1 II II II II II II 1 1
299
349
Ec
Ah
1 I I  I I  I I  1 1 1 1 1 1 1 1 I I  1 1 1 1 1 1 1 1 1 1 I I
GCAGACTGAAGCTCCGCTGAAACGTGCTCTTATCCCGTTCGGTGGTATCA 
ATATGATCCGCAGCTCTTTTGAAGCATATGGCCGGGAGATGGATCCCGAA 
1 1 1 1 1 1 1 1 II 1 1 1 1 1 II III II 1 1 1 1 1 1 1
349
399
Ec
Ah
1 1 1 1 1 1 1 1 I I  1 1 I I  1 I I  I I I  I I  1 1 1 1 1 I I  
AAATGATCGAAGGTTCCTGCAAAGCGTACAACCGCGAACTGGATCCGATG 
TTTGAATATACCTTCAGCGAATTGCGCAAAACCCATAACCAGGGAGTGTT
399
449
Ec
Ah
ATCAAAAAAATCTTCACTGAATACCGTAAAACTCACAACCAGGGCGTGTT 
CGACGTCTACTCTCCCGAGATGTTGCGCTGCCGAAAATCAGGAATTTTGA 
1 1 II II III 1 1 1 1 II II 1 1 1 1 1 1 II 1 1 1 1 1 1 II II III
449
499
Ec
Ah
1 I I  I I  1 I I I  I I  1 1 I I  I I  1 1 1 1 1 I I  1 1 1 1 I I  1 I I  I I  I I I
CGACGTTTACACTCCGGACATCCTGCGTTGCCGTAAATCTGGTGTTCTGA 
CCGGTTTGCCGGATGGTTACGGCCGTGGTCGCATTATCGGAGATTATCGT 
1 1 1 1 1 1 1 II 1 1 1 1 II 1 1 1 1 1 1 II II II 1 1 1 1 1 II II III
499
549
Ec
Ah
I I  1 1 1 1 1 1 1 1 1 1 1 I I  1 1 1 1 1 1 1 1 I I  I I  1 1 1 1 1 I I  I I  I I I
CCGGTCTGCCAGATGCATATGGCCGTGGCCGTATCATCGGTGACTACCGT 
CGGGTCGCGCTCTATGGCATAGATTATCTAATCCGTGAGCGGGAGCTGCA 
II 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II
549
599
Ec
Ah
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I  1 1 1 1 1 1 I I  1 I I
CGCGTTGCGCTGTACGGTATCGACTACCTGATGAAAGACAAACTGGCACA 
GTTTGCCGATCTGCAACCGGCGCTTGAGCGGGGAGAGCAGCTGGAGCAGG 
III 1 1 1 1 1 II 1 1 II II II 1 1 1 1 1 1 1 III
599
649
Ec
Ah
I I I  1 1 1 1 1 1 1 1 1 I I  I I  I I  1 1 1 1 1 1 1 I I I
GTTCACTTCTCTGCAGGCTGATCTGGAAAACGGCGTAAACCTGGAACAGA 
TGATCCGCCAGCGCGAGGAGCTGGCCGAGCACAAGCGGGCACTGGTGCAG 
1 1 II 1 1 II 1 1 1 1 II 1 II II II 1 II II 1 II 1 III
649
699
Ec
1 1 1 1 1 1 1 1 1 1 1 1 I I  1 I I  I I  I I  1 I I  I I  1 1 1 1 I I I
CTATCCGTCTGCGCGAAGAAATCGCTGAACAGCACCGCGCTCTGGGTCAG 699
Figure 6: Sequence alignment between the pfl of A.
hydrophila AH166 (denoted as Ah) and E. coli K12 (Rodel et 
al., 1988)(denoted as Ec) strains. Alignment analysis using 
the PC/GENE software program reveals a 70.12% identity (|) 
between the two DNA sequences.
(fig. 6, cont'd)
67
Ah ATCAAGCAGATGGCGGCCAACTACGGCTTTGACATCTCCGGGCCAGCACG 
II II 1 II 1 1 1 II II II 1 1 1 1 1 1 1 1 1 1 1 1 1 II II II
749
Ec
Ah
I I  I I  1 1 1 1 I I  I I  I I  1 I I  1 1 1 1 1 I I  I I  1 I I  I I  I I  I I  
ATGAAAGAAATGGCTGCGAAATACGGCTACGACATCTCTGGTCCGGCTAC 
CACGGCGCAGCAGGCGGTGCAGTGGCTCTACTTTGCCTATCTGGCTGCGG 
II II III 1 II 1 1 1 1 1 1 1 1 1 1 II 1 III 1 1 1 1 II 1 1 1
749
799
Ec
Ah
I I  I I  I I I  1 I I  1 1 1 1 1 1 1 1 1 1 1 1 1 I I I  1 1 I I  1 I I  1 1 
CAACGCTCAGGAAGCTATCCAGTGGACTTACTTCGGCTACCTGGCTGCTG 
TGAAGTCGCAAAATGGCGGGGCCATGTCCCTCGGTCGTACTGCCACCTTC 
1 1 1 1 1 1 II II II 1 II 1 1 1 II 1 1 1 1 1 II 1 1 1 1 1 II 1 1 II 1
799
849
Ec
Ah
I 1 1 1 I I  I I  I I  I I  1 I I  1 1 I I  1 1 I I  1 1 I I  1 1 I I  1 1 1 1 1 1 1 1 
TTAAGTCTCAGAACGGTGCTGCAATGTCCTTCGGTCGTACCTCCACCTTC
CTCGACATCTATATCGAGCGGGATCTTAAGGCGGGGCTTATCAGCGAGCA
II II 1 II II 1 II II II II II II II 1 1 1 1 III II
849
899
EC
Ah
I I  I I  1 I I  1 1 1 1 1 I I  I I  I I  I I  I I  I I  1 1 I I  I I I  I I  
CTGGATGTGTACATCGAACGTGACCTGAAAGCTGGCAAGATCACCGAACA
GGATGCCCAGGAGCTGGTTGATCACTTCATCATGAAGATCCGCATGGTAC 
II II 1 1 1 1 1 1 1 II 1 1 1 III 1 1 II 1 II 1 1 II 1 II II 1
899
949
EC
Ah
I I  I I  1 1 1 1 1 1 1 1 1 1 1 1 I I I  1 1 1 1 1 1 1 1 1 I I  1 1 I I  1 1
AGAAGCGCAGGAAATGGTTGACCACCTGGTCATGAAACTGCGTATGGTTC 
GTTTCCTGCGTACCCCCGAGTTTGACACCCTCTTCTCCGGCGACCCCATT 
1 1 1 1 1 1 1 1 1 1 1 1 II II 1 II II 1 1 1 1 1 1 1 1 1 1 1 1 1 II
949
999
Ec
Ah
I  1 1 1 1 1 1 1 1 1 1 1 I I  I I  1  I I  I I  I I  1  1 1 1  1 1 1  I I  I I  I I  
GCTTCCTGCGTACTCCGGAATACGATGAACTGTTCTCTGGCGACCCGATC 
TGGGCCACCGAGGTGATTGGTGGCATGGGGCTGGATGGTCGCACCCTGGT
II 1 II 1 II 1 1 II 1 II 1 1 1 1 1 1 1 II II 1 1 1 II 1 1 II 1 1 1 1
999
1049
EC
Ah
I I  1 1 1 1 I I  1 1 I I  1  1 I I  1 1 1 1 1 1 I I  I I  1 I I  I I  1 I I  1 1 1 I I  
TGGGCAACCGAATCTATCGGTGGTATGGGCCTCGACGGTCGTACCCTGGT 
GACCAAGAGCTCCTTCCGCTACCTCCACACCCTCAAGACCATGGGGCCGG 
II II 1 1 1 II II II 1 II 1 II II 1 II 1 1 II II 1 1 1 III
1049
1099
EC
Ah
1 1 1 1 1 1 1 I I  1 I I  1 1 I I I  1 1 1 1 1 I I  1 1 1 1 1 1 1 1 1 I I I  
TACCAAAAACAGCTTCCGTTTCCTGAACACCCTGTACACCATGGGTCCGT 
CGCCCGAGCCCAACCTCACCATCCTCTGGGCGGAAGGACTGCCGCGGGCC 
1 II II II III 1 II 1 II II II 1 1 III 1 1 1 1 1 1 II 1 1
10 9 9 
1149
EC
Ah
1 I I  I I  I I  I I I  1 I I  1 I I  I I  I I I  1 I I I  I I  1 1 1 I I  1 1 1 
CTCCGGAACCGAACATGACCATTCTGTGGTCTGAAAAACTGCCGCTGAAC 
TTCAAGACCTATGCGGCCCGCGTCTCCATCGATACCTCATCCCTGCAGTA 
1 1 1 1 1 1 1 1 II II II II II II II 1 II II II 1 II II 1 1 1
1149
1199
Ec
Ah
I I  I I  I I  1 1 I I  I I  I I  1 1 1 1 1 1 1 1 1 1 1 1 1 I I  1 I I  1 I I  1 1 
TTCAAGAAATTCGCCGCTAAAGTGTCCATCGACACCTCTTCTCTGCAGTA 
TGAGAACGATGACCTGATGCGCACCGACTTCGAGAGCGATGACTACGCCA 
1 1 1 1 1 1 II 1 1 II II 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1
1199
1249
Ec
Ec
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
TGAGAACGATGACCTGATGCGTCCGGACTTCAACAACGATGACTACGCTA 
TCGCCTGCTGCGTGAGCCCCATGGTGATCGGCAAGCAGATGCAGTTCTTC 
1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 III 1 1 II II II 1 1 1 1 1 1 1 1 1 1 1 1
1249
1299
Ec
Ah
1 I I  1 1 1 1 1 1 1 1 1 1 1 I I  I I I  1 1 I I  I I  I I  1 1 1 1 1 1 1 1 1 1 1 1 
TTGCTTGCTGCGTAAGCCCGATGATCGTTGGTAAACAAATGCAGTTCTTC 
GGTGCCCGCGCCAACCTGGCCAAGACCCTGCTCTATTGCATCAACGGTGG 
1 1 1 1 1 II II 1 1 1 1 1 1 1 1 II III 1 1 1 1 II 1 1 1 1 1 1 1 1 II
1299
1349
Ec
Ah
1 1 1 1 1 I I  I I  1 1 1 1 1 1 1 1 I I  I I I  1 1 1 1 I I  1 1 1 1 I I  1  1 I I
GGTGCGCGTGCAAACCTGGCGAAAACCATGCTGTACGCAATCAACGGCGG 
CGTGGACGAGAAGCTGAAGATCCAGGTTGGCCCGAAAGTGGCGCCCATCA 
III II 1 1 1 II 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1
1349
1399
Ec
Ah
III 1 II 1 1 II 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 
CGTTGACGAAAAACTGAAAATGCAGGTTGGTCCGAAGTCTGAACCGATCA 
TGGACGAGGTGCTGGATTACGAGACCGTCATGGCCAGCCTCGACAGCTTT 
1 III II III 1 II II II 1 1 1 1 II 1 II III
1399
1449
Ec
Ah
1 I I I  I I  I I I  1 I I  I I  I I  1 1 1 1 I I  1 I I  I I I
AAGGCGATGTCCTGAACTATGATGAAGTGATGGAGCGCATGGATCACTTC 
ATGGATTGGCTGGCGGTGCAGTACATCAGTGCGCTCAACCTTATTCACTA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 III II III 1 II 1 1 1 1 1
1449
1499
Ec
I I  I I  1 1  1  1 1 1 1  1 1  1  1  1 1 1 1 1 1 1  1 I I I  I I  I I I  1  I I  1  1 1 1  1 
ATGGACTGGCTGGCTAAACAGTACATCACTGCACTGAACATCATCCACTA 1499
(fig. 6, cont'd)
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Ah CATGCACGACAAGTACAGCTATGAGGCTTCCCTGATGGCGCTGCACGATC 
II II 1 1 1 1 I 1 1 1 1 1 1 II II 1 1 II || || | | M II II 1 1 II 1 1 1 II 1
1549
Ec
Ah
1 II II II 1 II 1 II II II 1 1 II II II II II 1 1 1 1 1 II 1 1 II 1 II 1 1 
CATGCACGACAAGTACAGCTACGAAGCCTCTCTGATGGCGCTGCACGACC 
GCGACGTCTATC-GCACCATGGCCTGCGGCATTGCCGGTCTGTCGGTGGC 
1 II 1 1 1 1 1 II II 1 1 1 1 1 1 II II II II II 1 1 1 1 1 1 II II II
1549
1598
Ec
Ah
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II II II II II II II II II II II
GTGACGT-TATCCGCACCATGGCGTGTGGTATCGCTGGTCTGTCCGTTGC 
GGTCGATTCGCTGGCGGCCATCAAGTACGCTCGGGTCAAGCCGGTGCGCG 
1 II II III 1 II 1 1 1 1 1 II II II II III 1 II 1
1598
1548
Ec
Ah
1 II II III 1 II 1 1 1 1 1 II II II II III 1 II 1 
TGCTGACTCCCTGTCTGCAATCAAATATGCGAAAGTTAAACCGATTCGTG 
ATGCTGACGGGCTGGCGGTCGATTTTGTGATTGAGGGGGAGTATCCCCAG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II II II II II II III
1648
1598
Ec
Ah
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II II II II II II III
ACGAAGACGGTCTGGCTATCGACTTCGAAATCGAAGGCGAATACCCGCAG 
TACGGCAACAACGACGAGCGGGCCGACTCCATCGCCTGCGATCTGGTCGA 
1 II 1 II II II II 1 1 II 1 1 II II I N N  II
1698
1748
Ec
Ah
1 II II 1 II II II 1 1 II 1 1 II II 1 1 1 1 1 II
TTTGGTAACAATGATCCGCGTGTAGATGACCTGGCTGTTGACCTGGTAGA 
GCGCTTCATGAAGAAGATCCAGGCGCTGCCGACCTACCGCAATGCGGTGC 
II II 1 1 1 1 1 1 1 1 1 II III 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1
1748
1798
Ec
Ah
II 1 1 1 1 1 1 1 1 1 1 1 II III 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 
ACGTTTCATGAAGAAAATTCAGAAACTGCACACCTACCGTGACGCTATCC 
CGACCCAGTCGATCCTGACCATCACCTCCAACGTGGTCTATGGCCAGAAG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1
1798
1848
Ec
Ah
I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 
CGACT CAGTCTGTT CTGAC CATCACTT CTAACGTTGTGTATGGTAAGAAA 
ACCGGCAACACCCCGGATGGCCGCCGCGCCGGTGCCCCGTTTGCGCCGGG
II II 1 1 1 1 1 1 1 1 II II II II II II II 1 1 1 1 1 1 1 1 II 1
1848
1898
Ec
Ah
II II 1 1 1 1 II 1 1 II II II II II II II 1 1 II 1 1 1 1 1 1 1 
ACGGGTAACACCCCAGACGGTCGTCGTGCTGGCGCGCCGTTCGGACCGGG
GGCCAACCCGATGCACGGTCGGGATCGCAAGGGGGCGGTCGCTTCGCTCG 
II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II II II II II II II
1898
1948
Ec
Ah
II 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 II 1 II II II II II II II 
TGCTAACCCGATGCACGGTCGTGACCAGAAAGGTGCAGTAGCCTCTCTGA 
CCTCGGTGGCCAAGCTGCCGTTCAAATATGCCAAGGACGGGATCTCCTAC 
1 II II II II 1 1 1 1 1 1 1 1 II II II II II 1 1 1 1 1 1 1 II
1948
1998
Ec
Ah
1 II II II II 1 1 1 1 1 1 1 1 II II II II II 1 1 II 1 1 1 1 1 
CTTCCGTTGCTAAACTGCCGTTTGCTTACGCTAAAGATGGTATCTCCTAC 
ACCTTCTCCATCGTGCCGGGGGCGCTCGGCAAGGAGCCGGCCAA--TCGC 
1 1 1 1 1 1 1 1 1 1 1 1 1 III II II II II II II 1 II III
1998
2046
Ec
Ah
1 1 1 1 II 1 1 1 1 1 1 1 III II II II II II II 1 II III
ACCTTCTCTATCGTTCCGAACGCACTGGGTAA--AGACGACGAAGTTCGT 
GAGAACAATCTGGTGGGGCTGATGGATGGCTACTTCCATCATGAGCGGGA 
III III 1 1 1 1 II 1 1 1 1 1 1 1 1 1 II 1 1 II 1 1 1 1 II II
2046
2096
Ec
Ah
III III 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II II
AAGACCAACCTGGCTGGTCTGATGGATGGTTACTTCCACCACGAAGCATC 
TGTAGAAGGGGGCCAGCACCTCAACGTCAACGTGATGAACCGCGAGATGC 
1 1 1 1 1 1 II 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 II 1 1 II
2096
2146
Ec
Ah
1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 
CATCGAAGGTGGTCAGCACCTGAACGTTAACGTGATGAACCGTGAAATGC 
TGCTGGATGCCATCGAGAATCCGGACAAGTATCCCAGCCTGACCATCCGG 
1 1 1 1 II II II II II II 1 II II II 1 II 1 II II 1 1 1 II 1
2146
2196
Ec
Ah
I 1 II II II II II II 1 1 1 1 1 II 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1
TGCTCGACGCGATGGAAAACCCGGAAAAATATCCGCAGCTGACCATCCGT
GTCTCCGGCTATGCGGTGCGCTTCAACGCCCTGACCCGCGAGCAGCAGCA
II II 1 1 1 1 1 II II II 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1
2196
2246
Ec
Ah
II II 1 1 1 1 1 II II II 1 1 1 1 II 1 1 II 1 1 II 1 1 II 1 1 II
GTATCTGGCTACGCAGTACGTTTCAACTCGCTGACTAAAGAACAGCAGCA 
GGACGT CAT CT CCAGAACCTT CAC CAACATGATG 
1 1 1 1 1 1 II 1 1 II II 1 1 1 1 1 II 1
2246
2280
Ec
1 II 1 II II 1 1 1 1 1 1 1 1 1 1 1 III
GGACGTTATTACTCGTACCTTCACTCAATCTATG 2280
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PAH MQLDQDKFRQAWQGFAGENWKHEINVRDFIQQNYTPYEGDEQFLADATEA 5 0
i A A i M  i r  i n 1111i i  m i n i m i  m i  i i m
PEC MSELNEKLATAWEGFTKGDWQNEVNVRDFIQKNYTPYEGDESFLAGATEA 50 
PAH TTTLWNKVMEGIRIENATHAPVDFDTNIATTITAHGPGYIEQGLEKIVGL 100
M i l l  I I I M A A A M  1 1 I I 1 1 1 1 1  A l A l l l A l M l  I I I 1 1 I I
PEC TTTLWDKVMEGVKLENRTHAPVDFDTAVASTITSHDAGYINKQLEKIVGL 100 
PAH QTDKPLKRALHPFGGVNMIRSSFEAYGREMDPEFEYTFSELRKTHNQGVF 150
i r  Mi n i  m r  ii i ii i n i  n
PEC QTEAPLKRALIPFGGIKMIEGS CKAYNRELDPMIKKIFTEYRKTHNQGVF 150 
PAH DVYSPEMLRCRKSGILTGLPDGYGRGRIIGDYRRVALYGIDYLIRERELQ 2 00
• I I I  A l A A I I I I 1 1 1  A i l  I I I I  I I I I I I I I I I I I I I I I I M M A A A A  I
PEC DVYTPDILRCRKSGVLTGLPDAYGRGRIIGDYRRVALYGIDYLMKDKLAQ 200 
PAH FADLQPALERGEQLEQVIRQREELAEHKRALVQIKQMAANYGFDISGPAR 250
r  i i  i i  i a m i  i i  u n i  m i  n  m i  i r u i i i i
PEC FTSLQADLENGVNLEQTIRLREEIAEQHRALGQMKEMAAKYGYDISGPAT 250 
PAH TAQQAVQWLYFAYLAAVKSQNGGAMSLGRTATFLDIYIERDLKAGLIS EQ 3 00
i i  n i  i i  11 i i  11 i i  11 m i  i i  i A i 1 1 1  A i i i i  1 1 1 1 1  i A I I
PEC NAQEAIQWTYFGYLAAVKSQNGAAMSFGRTSTFLDVYIERDLKAGKITEQ 3 00 
PAH DAQELVDHFIMKIRMVRFLRTPEFDTLFSGDPIWATEVIGGMGLDGRTLV 350
Ai i n i i  Ai i Ai i i i i i i i i i Ai i i i i i i i i i i i
PEC EAQEMVDHLVMKLRMVRFLRTPEYDELFSGDPIWATESIGGMGLDGRTLV 350 
PAH TKS S FRYLHTLKTMGPAPE PNLTILWAEGLPRAFKTYAARVSIDTS S LQY 4 00
i i  1 1 1 a i i i  i i i r i i i r i i i r i  n  n  a m a m m m m m
PEC TKNSFRFLNTLYTMGPSPEPNMTILWSEKLPLNFKKFAAKVSIDTSSLQY 4 00 
PAH ENDDLMRTDFESDDYAIACCVSPMVIGKQMQFFGARANLAKTLLYCINGG 4 50
i i 111ii ii i i 11111i i i i i aa11111i i 1111i i 11 r  I I 1111
PEC ENDDLMRPDFNNDDYAIACCVSPMIVGKQMQFFGARANLAKTMLYAINGG 4 50 
PAH VDEKLKIQVGPKVAPIMDEVLDYETVMASLDS FMDWLAVQYISALNLIHY 500
i i i i i i A i 1 1 1 1  i i  a i i  r  i i  a i M i n i  i i r i i n i i
PEC VDEKLKMQVGPKSEPIKGDVLNYDEVMERMDHFMDWLAKQYITALNIIHY 500 
PAH MHDKYSYEASLMALHDRDVYRTMACGIAGLSVAVDSLAAIKYARVKPVRD 550
11  ii i ii i ii 1 1 1 1 1  ii ii ii i ii 11 ii ii 11 i i r i i i i n i n i
PEC MHDKYSYEASLMALHDRDVIRTMACGIAGLSVAADSLSAIKYAKVKPIRD 550 
PAH ADGLAVDFVIEGEYPQYGNNDERADSIACDLVERFMKKIQALPTYRNAVP 600
M i n i  i i i i i i n i i i  i i A i i i i i i i i i i i i  i m i  n
PEC EDGLAIDFEIEGEYPQFGNNDPRVDDLAVDLVERFMKKIQKLHTYRDAIP 6 00 
PAH TQSILTITSNWYGQKTGNTPDGRRAGAPFAPGANPMHGRDRKGAVASLA 650
11 r  i i i  i i  111 m  1 1 1 1 1 1 1  m  1 1 1 1 1  i i i i i i i i i i  i i i i i i r
PEC TOSVLTITSNWYGKKTGNTPDGRRAGAPFGPGANPMHGRDOKGAVASLT 650
Figure 7 : Amino acid sequence alignment of the Pf1 between
A. hydrophila AH166 (denoted as PAH) and E. coli K12 (denoted 
as PEC) (Rodel et al. , 1988) strains, using the PC/GENE 
software program. Alignment reveals a 76.58% identity (|)( 
and 8.95% similarity (A) with no inserted gaps. Gly radicals 
are underlined, glycine radical signatures are italics bold, 
Cys-Cys are underlined bold, and trypsin recognition sites 
are double underlined.
(fig. 7, cont'd)
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PAH SVAKLPFKYAKDGISYTFSIVPGALGKEPANRENNLVGLMDGYFHHERDV 70 0
i i 1 1 1 1 1  i i i i i i i i i i i i i i  i n r  i i i  m i n i u m  a
PEC SVAKLPFAYAKDGISYTFSIVPNALGKDDEVRKTNLAGLMDGYFHHEASI 70 0 
PAH EGGQHLNVNVMNREMLLDAIENPDKYPSLrXRVSjSYAVRFNALTREQQQD 750
i i i i i i 111 m  i i i i i i i  r i i  r i t  i i i  i i  i i  11 i i  i i  r i r i i  i t  i
PEC EGGQHLNVNVMNREMLLDAMENPEKYPQLTIRVSfiYAVRFNSLTKEQQQD 750 
PAH VISRTFTNMM 760
i r m r  i
PEC VITRTFTQSM 760
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signature region, located from positions 730 to 738 
containing a glycine free radical at position 735, was 
predicted. Adjacent Cys residues were located at positions 
419-420 in the deduced amino acid sequence of the Pfl (figure 
7), and a candidate trypsin cleavage site was identified at 
Arg-Arg positions 624-625.
DISCUSSION
Based on sequence homology analyses (figure 6 & 7), it 
was determined that the fragment cloned in pMA8 phagemid 
encodes and expresses the pfl of A. hydrophila. The A. 
hydrophila pfl encodes a 760 amino acid polypeptide with a 
molecular weight of 85.5 KDa (figure 5), which is 
significantly similar to the E. coli Pfl polypeptide primary 
structure (Rodel et al., 1988). Further, the glycine free- 
radical signature and the Gly-73 5 residue in A. hydrophila 
Pfl aligns with its E. coli homologue (figure 7). The free 
radical of E. coli Pfl, located on the carbon-2 atom of the 
Gly-73 5 residue, acts as a coenzyme for processing pyruvate 
by a homolytic C-C bond cleavage mechanism (Volker Wagner et 
al. , 1992; Plaga et al. , 1988; Unkrig et al. , 1989). The
structural similarity indicates a similar function in the A. 
hydrophila Pfl.
Based on the presence of a single ORF in pMA8 phagemid, 
the expressed polypeptides (figure 2) are probably two 
catalytically different species of the Pfl of A. hydrophila. 
This is supported by the data for E. coli (Volker Wagner et
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al., 1992), indicating that there are 82 and 85 KDa
polypeptides that represent the inactive and active forms of 
the enzyme, respectively (Volker Wagner et al. , 1992) . In E. 
coli, the 85 KDa polypeptide band represents the active form 
of the enzyme, while the 82 KDa polypeptide band represents 
the inactive species that results from oxygen destruction of 
the Gly-735 radical and the subsequent loss of the terminal 
25 amino acids. The expression of both enzyme forms in A. 
hydrophila with equal intensity in aerobically grown XL-1 
Blue indicates that oxygen destruction was incomplete, 
possibly due to overexpression.
Glycine free-radicals present in the Pfl of both A. 
hydrophila and E. coli align with Gly-681 radical of an 
anaerobic ribonucleotide reductase enzyme (NrdD) form in E. 
coli (Sun et al. , 1993) . The presence of Gly radicals in
both Pfl and NrdD enzymes may be strongly correlated with 
their anaerobic activity and lack of metal centers. Non­
glycine radicals are present in enzymes containing metal 
centers, such as the tyrosine radical in another form of the 
E. coli anaerobic NrdD enzyme (Harder et al., 1992),
prostaglandin H synthase (Karthein et al. , 1988) , photosystem 
II (Debus et al., 1988) and galactose oxidase (Whittaker et 
al. , 1990), and the tryptophan radical in cytochrome C
peroxidase (Sivaraja et al., 1989).
A potential disulfide bond found in the deduced amino 
acid sequence of A. hydrophila Pfl polypeptide between Cys
residues 419 and 420 residues was present in the same 
location in E. coli Pfl (figure 7) . These Cys residues exist 
in a strongly hydrophobic p-sheet environment in both 
species. In active Pfl (Ea) in E. coli, the SH group of Cys- 
420 transiently carries the acetyl group (Knappe et al. , 
1974; Rodel et al. , 1988; Plaga et al. , 1988). It is
predicted that cys 42 0 functions in A. hydrophila are similar 
to cys 420 in the E. coli Pfl.
Finally, a trypsin recognition site, located at Arg-Arg 
positions 624 and 625 (figure 7) , would result in cleavage of 
the enzyme at its C-terminus, yielding a trypsin resistant 68 
KDa protein. This was confirmed by Western blot analysis of 
a trypsin digest of the expressed Pfl. The location of this 
site in a highly unordered and extremely hydrophilic region 
agrees with earlier findings in E. coli Pfl, which also 
contains an additional candidate site at Lys-Lys positions 
615 and 616 (figure 7) (Rodel et al., 1988) .
CHAPTER FOUR
INSERTION MUTAGENESIS OF THE PYRUVATE FORMATE-LYASE 
GENE OF AER0M0NA3 HYDROPHILA
INTRODUCTION
Motile aeromonads are the etiological agents of motile 
aeromonad septicemia (MAS) in fish (Thune et al., 1993).
They can also cause septicemic-related health problems in 
other animals, including man (Rigney et al. , 1978; Vohlgemuth 
et al. , 1972; Shane and Gifford, 1984; Poirier et al., 1993; 
Krovacek et al., 1993) . Aeromonas hydrophila and Aeromonas 
sobria, the main members of motile aeromonads, are Gram- 
negative facultative anaerobes that metabolize carbohydrates 
via respiration or fermentation into acid or acid and gas 
(Popoff, 1984). The primary pathway that facultative 
anaerobes utilize under oxygen deprivation is alcoholic 
fermentation (Clark, 1989), which is initiated by conversion 
of pyruvate into acetyl-CoA and formic acid using the 
pyruvate formate-lyase enzyme (Pfl) (Knappe, 1978) . These 
products are then converted in a cascade of reactions into 
acetate, ethanol, hydrogen and carbon dioxide (Clark, 1989).
The Pfl of A. hydrophila is an 85.5 KDa homodimer 
containing 760 amino acids and is encoded by the 22 80 base 
pyruvate formate-lyase gene (pfl) (Awad, 1995) . The A. 
hydrophila Pfl shares 85.5% homology with the primary
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structure of Escherichia coli Pfl and is structurally and 
functionally similar (Awad, 1995).
Most pathogenesis studies have associated motile 
aeromonad virulence to various factors, including hemolysins, 
proteases, enterotoxins (Allan and Stevenson, 1981; Krovacek, 
1989) , and an S-layer protein (Ford and Thune, 1991) . 
However, no attempt has been made to explore the role of 
anaerobic metabolism in motile aeromonad pathogenesis. The 
pathology of MAS lesions includes severe necrotizing lesions, 
swelling and hemorrhage in the liver and kidney, and deep 
skin ulcers associated with hemorrhage and inflammation 
(Thune et al. , 1993), which may lead to severe oxygen
deprivation of the affected tissues. Thus, this study was 
conducted to evaluate the potential role of the Pfl and 
anaerobic metabolism in the pathogenesis of motile aeromonad 
septicemia by constructing an A. hydrophila pfl mutant and 
evaluating its ability to cause MAS in channel catfish.
MATERIALS & METHODS 
Media, Vectors and Bacteria
A list of plasmids and bacterial strains used in this 
study are illustrated in Appendix A. Brain heart infusion 
(BHI) broth and agar (Difco, Inc., Detroit, MI) were used to 
grow A. hydrophila (strain AH18C), while Luria-Bertani (LB) 
broth and agar (Sambrook et al., 1989) were used to culture 
E. coli (CC118 k-pir and SM10 k-pir) cells. Antibiotic 
levels of 200 jxg/ml ampicillin (AMP) (Sigma Chemical Co., St.
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Louis, MO) and 50 /ig/ml for kanamycin (KAN) (Sigma Chemical 
Co.) were used to maintain multiple copy plasmids, and 5 
/ig/ml colistin (COL) (Sigma Chemical Co.) was used to prevent 
E. coli ccll8 k-Pir growth following conjugation experiments. 
Kanamycin Resistance Marker Insertion
A kanamycin resistance marker (kan) was inserted into 
the ORF of the cloned pfl of A. hydrophila strain AH166. 
Briefly, an EcoRI kan was obtained from the suicide vector 
pUT-kan (de Lorenzo et al. , 1990) and separated in a 0.7%
agarose gel electrophoresis at 5 volts/cm in a mini-sub 
electrophoresis cell and a power supply' (BioRad Laboratories, 
Inc., Hercules, CA) and purified with the GeneClean II kit 
(Bio 101, Inc., La Jolla, CA). This marker is approximately
2.5 kbp in size, consisting of a 1.7 kbp KAN resistance gene, 
a 0.4 Kbp fragment from the streptomycin resistance gene 
adjacent to the 5' end of the KAN resistant gene, and a 0.2 
kbp Q transcriptional termination and translation stop signal 
sequence at each end of the marker (Fellay et al. , 1987) .
The phagemid pMA8, a pBluescript SK(-) clone containing a 4.8 
Kbp pfl fragment from A. hydrophila strain AH16 6 (Awad, 
1995), was linearized with BstEII (New England BioLabs, Inc. , 
Beverly, MA) at position 1047 of the 2,280 bp pfl ORF (Awad, 
1995), and visualized by electrophoresis in a 0.7% agarose 
gel. Blunt ends were generated for both the kan and the 
linear pMA8 molecule by a 1 h incubation with the DNA- 
dependent DNA polymerase Klenow fragment (0.3 units/l pLg
DNA)(Gibco, BRL, Life Technologies, Inc., Gaithersburg, MD) 
and 10 mM dNTPs (Boehringer Mannheim, Inc., Indianapolis, 
IN). Following 1:1 phenol-chloroform purification and 
ethanol precipitation (Ausubel et al., 1987), the kan was
ligated into pMA8 using T4 DNA ligase (New England BioLabs). 
Ligation was confirmed by electrophoresis in a 0.7% agarose 
gel, and the resulting phagemid was electroporated into E. 
coli XL-1 Blue cells (Stratagene, Inc., La Jolla, CA) using 
a gene pulser system (BioRad Laboratories). Transformants 
were plated on LB/AMP, KAN agar to select for pfl phagemid 
clones containing the kan. The 10.26 Kbp phagemid, 
designated pMAlO, was verified by electrophoresis in a 0.7% 
agarose gel, following complete digestion with EcoRI and Kpnl 
restriction endonucleases. Further, kan insertion was 
confirmed by dideoxy DNA sequencing (Sanger et al. , 1977)
initiated from the PFLSC78 and PFLSC310 pfl primers (appendix 
B) flanking the kan cloning site. Sequencing reactions were 
done using the TaQuence Kit (United States Biochemical, Inc., 
Cleavland, OH) and 35S dATP (Dupont Co., Wilmington, DE).
The pfl-kan insert (7.3 kbp) was isolated from pMAlO by 
double digestion with Kpnl and EcoRI using the manufacturer's 
recommended procedures (Gibco BRL, Life Technologies, Inc., 
Gaithersburg, MD) , separated from the cloning pBluescript 
phagemid by 0.7% agarose gel electrophoresis, and purified 
with Geneclean II kit (Bio 101) . The EcoRI-Kpnl pfl-kan DNA 
fragment was ligated to KpnI-EcoRI linearized suicide plasmid
pGP704 (3.7 Kbp) to yield the plasmid pMAll (appendix 
A) (Miller and Mekalanos, 1988; Sambrook et al., 1989) . The 
ligated mixture was electroporated to E. coli CC118 X-Pir 
host cells using a gene pulser system (BioRad Laboratories), 
and transformed colonies were selected on LB/AMP, KAN agar 
(Ausubel et al. , 1987) . A pMAll plasmid clone was obtained 
from a selected kanamycin resistant (Kanr) , ampicillin 
resistant (Ampr) CC118 X-Pir colony using alkaline lysis 
(Birnboim, 1983, Ausubel et al. , 1987) , linearized with EcoRI 
(Gibco BRL, Life Technologies) and electrophoresed in a 0.7% 
agarose gel to confirm the 11 Kbp size. Plasmid pMAll was 
electroporated to the conjugable donor strain E . coli SM10 X- 
pir and transformants selected on LB/AMP, KAN agar. Alkaline 
lysis plasmid miniprep (Birnboim, 1983, Ausubel et al. , 1987) 
followed by EcoRI digestion (Gibco BRL, Life Technologies) 
and electrophoresis in a 0.7% agarose gel confirmed the 
presence of pMAll.
Conjugation
Aeromonas hydrophila strain AH18C (appendix A), an S- 
layer negative strain that is sensitive to a minimum AMP 
level of 20 ng/ml, was selected as a wild type recipient of 
the mutated pfl. Conjugation was performed using the filter 
mating technique of Miller (1992) . Briefly, 50 /x 1 aliquots 
from overnight cultures of SM10 X-pir containing the cloned 
pMAll (donor cells) and AH18C (recipient cells) were mixed 
together with 5 ml of 10 mM MgS04 and filtered through a 0.45
fim sterile membrane (Millipore Corp., Bedford, MA) . Filters 
were incubated with cell side up on BHI agar plates at 3 7 °C 
for 18 h to allow conjugation to take place. Cells were 
washed from the filters and suspended in 5 ml 10 mM MgSo4, 
from which 100 pi aliquots were spread on BHI/KAN, COL agar 
plates to select for A. hydrophila mutants carrying the 
mutated pfl. Initial counter selection of E. coli SM10 X-Pir 
donor cells was achieved by including COL in the BHI/KAN 
agar. Colistin resistant (Colr) , Kanr transconjugates were 
enriched by replica plating onto BHI/KAN, COL agar plates and 
resulting colonies were individually suspended in 500 pi 
volumes of sterile saline solution and stored at 4 °C.
Transconjugates were further confirmed as A. hydrophila by 
testing for oxidase and by replica-plating on Rimler-Shotts 
(R-S) agar (Popoff, 1984; Shotts and Rimler, 1973). 
Phenotypic Characterization of Mutants
Ampicillin and kanamycin resistance levels for both the 
wild type AH18C and A. hydrophila transconjugates were 
determined by inoculating triplicate microtiter plate wells 
(Corning, Inc., Corning, NY) containing 150 pi aliquots of LB 
broth with 20, 3 0 and 5 0 pg/ml AMP, 20, 30, 4 0 and 5 0 pg/ml 
KAN or no antibiotics. Growth was recorded after 3 d of 
incubation at 3 0 °C, and candidate mutant strains [Kanr, 
ampicillin sensitive (Amps) ] were further evaluated 
phenotypically as described below.
Eight Kanr, Aps A. hydrophila transconjugates were 
assayed for their ability to grow statically in strict 
anaerobic conditions in a chemically defined minimal medium 
(MM), containing 6 g NaCl, 3 g KH2P04, 9.12 g K2HP04.3H20, 0.1 
g (NH4)2S04, 0.009 g FeS04.7H20, and 0.03 g ZnS04. 7H20 per liter 
(Riddle et al., 1981) . Anaerobic and aerobic growth of the 
transconjugates were compared with those of the parent A. 
hydrophila strain in the presence and absence of 0.5% 
pyruvate as the only carbon and energy source (Varenne et 
al. , 1975) . Briefly, an equal number of cells was inoculated 
into 2 0 ml tubes containing 10 ml of vacuum-degassed minimal 
media overlaid with 3 ml of sterile light mineral oil. After 
a 4 d incubation at 3 0 °C, growth was recorded as no growth 
or growth. A potential pfl mutant, designated as AH6 6 
strain, was identified and characterized as described below.
Growth curves were determined for A. hydrophila mutant 
strain AH66 and the parent strain AH18C aerobically in LB 
broth and both aerobically and anaerobically in a static MM 
medium with pyruvate as the sole carbon source (Riddle et 
al. , 1981; Varenne et al., 1975) . A single colony from each 
strain was inoculated into 5 ml volumes of MM with 0.5% 
pyruvate and incubated at 3 0 °C with aeration. Cells were 
washed twice in sterile saline and resuspended in saline to 
an optical density of 0.025 at 600 nm as measured 
spectrophotometrically (Beckman Instruments, Inc., Fullerton, 
CA). Equal number of cells were inoculated in four
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replicates 5 ml volumes of MM with and without pyruvate 
(0.5%). Strain AH66 cells were also inoculated in MM with 
pyruvate and 0.3% w/v sodium acetate (Mat-Jan et al. , 1989) . 
Cultures were incubated at 30 °C with aeration, or in an 
anaerobic chamber. Spectrophotometric Readings at 600 nm 
were taken at 0 h and at 4 h intervals for LB-grown bacteria, 
and at 12 h intervals for the first 48 h of growth and then 
every 24 h for the MM-grown bacteria until cultures had 
reached stationary phase.
Genotypic Characterization of the pfl Mutant Using 
Polymerase Chain Reaction (PCR)
To evaluate persistence of the suicide plasmid and to 
confirm the occurrence of a double-crossover homologous 
recombination event, the polymerase chain reaction (PCR) was 
utilized using PC/GENE (Intelligenetics, Inc., Mount View, 
CA) strategically designed primers and computer software 
generated reaction conditions. A list of the PCR primers 
used and expected product sizes from all templates are 
illustrated in appendix C. All amplification parameters were 
1 X 94 °C for 4 min, 35 X 94 °C for 30 sec, 50 °C for 1 min 
and 72 °C for 3 min and 1 X 72 °C for 10 min using PCR 
optimizer kit and procedures (Invitrogen Corp., San Diego, 
CA) and Taq Polymerase (Perkin Elmer Corp., Roche Molecular 
Systems, Inc., Branchburg, NJ). Two primer pairs, PFL262- 
PFL1020 and PFLSC78-PFLSC39, deduced from the known AH166 pfl 
sequence (Awad, 1995) were used to amplify mutated pfl
fragments from the AH66 chromosome and the native pfl 
fragments from AH18C and AH166 chromosomes. Amplification 
using the AH6 6 chromosomal template should produce a product
2.5 Kbp larger than that produced from AH18C and AH166 
chromosomes. A third pair of PCR primers, KANP2 and KANM1, 
were used to amplify an 82 0 bp internal fragment of the 
inserted KAN resistant gene in the mutant chromosome and 
pMAll (Appendix C) . A fourth pair of PCR primers, AMPP2 and 
AMPM1, were designed to amplify a 718 bp fragment from the 
ampicillin resistance gene (amp) present on the suicide 
vector pMAll (Appendix C) . Polymerase chain reaction of both 
antibiotic genes was performed on both plasmid and genome 
preps of the parent (AH18c) and the mutant strain AH66. An 
additional primer pair, AMPM1 and PFLSC13, were used in 
attempts to amplify a 2,43 7 bp Amp-pfl hybrid fragment from 
plasmid and chromosomal preps of both the mutant and parent 
strain. All PCR products were analyzed by 1% agarose gel 
electrophoresis at 7 volts/cm parameter.
Mortality Pattern in Channel catfish
The effect of pfl mutation on A. hydrophila virulence 
was evaluated in naive channel catfish. Three to four inch 
catfish fingerlings were injected intramuscularly with 0 .1 ml 
of either 2.7 X 108, 2.7 X 107, 2.7 X 105 and 2.7 X 105 AH18C 
cells/ml, or 2.9 X 108, 2.9 X 107, 2.9 X 106 and 2.9 X 105
AH66 cells/ml suspended in sterile saline solution. The 
number of injected cells was estimated using McFarland's
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tubes (Difco) prior to injection and confirmed by plate 
counts on BHI agar. All discharged water was disinfected 
using stabilized chlorine tablets (Clor Systems, Inc., St 
Louis, MO) placed in the drainage system. Chlorine levels 
were kept above 12 part per million for 10 seconds prior to 
release into the drain, representing twice the amount 
required to kill A. hydrophila in 10 seconds. Two control 
groups, one injected with 0.1 ml saline solution or 
noninjected, were also used. Each treatment consisted of 3 
replicates, each containing 10 fish held in a 40-liter 
plastic tanks supplied with 0.5 L/min dechlorinated Baton 
Rouge city water and supplemental aeration. Mortalities were 
recorded every 8 h for the first 24 h, and then every 12 h 
until it ceased in all treatments for 3 consecutive 
collection times. The median lethal dose 50 (LDS0) was 
calculated for both strains by the method of Reed and Muench 
(1938) and statistically compared using t-tests.
RESULTS
Insertion of kan (2.5 Kbp) into the 4.8 Kbp pfl fragment 
contained in pMA8 phagemid (7.3 Kbp)(figures 8, lanes C & D) 
yielded a 7.3 Kbp insert and expanded the new pMAlO phagemid 
size to 10.26 Kbp (figure 8, lanes E through G and figures 9 
& 10) . Dideoxy DNA sequencing, initiated from PFLSC78 and 
PFLSC310 pfl primers (Appendix B) flanking the kan, 
identified the two Q fragment DNA sequences flanking the KAN
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Figure 8: Agarose gel electrophoresis analysis of pMAlO
phagemid. Lanes A & H, Hindlll digested lambda DNA size
standard in bp; lane B, supercoiled pBluescript SK(-) 
phagemid (Stratagene, Inc.); lane C & D, pMA8 supercoiled or 
linearized with BstEII, respectively. Lanes E, F, and G, 
pMAlO cloned phagemid digested with EcoRI, or Kpnl, or 
undigested supercoiled, respectively.
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Figure 10: Agarose gel electrophoresis analysis of pMAll
vector. Lanes A & H, HindiII digested lambda DNA size
standard in bp; lanes B & C, pGP704 suicide plasmid 
supercoiled or double digested with EcoRI and Kpnl,
respectively. Lanes D, pMAlO double-digested with EcoRI and 
Kpnl; E, eluted purified pfl-kan insert (7,300 bp) isolated
from pMAlO after double digestion with EcoRI and Kpnl. Lanes 
F Sl G, pMAll cloned suicide plasmid supercoiled and
linearized by complete EcoRI digestion, respectively.
87
resistant gene and replacing the lost BstEII site, confirming 
the kan insertion into the targeted site.
When the purified 7.3 Kbp Kpnl-EcoRI pfl-kan DNA 
fragment (figure 10, lanes D & E) was ligated into the 3.7 
Kbp KpnI-EcoRI linear pGP704 plasmid DNA (figure 10, lane C) , 
and electroporated to CC118 X-pir, several Kanr, Ampr colonies 
were produced. The resulting plasmid, pMAll (figure 9), when 
linearized with EcoRI was 11 Kbp as expected (figure 10, lane 
G) . The E. coli CC118 X-pir strain is kanamycin sensitive 
(Kans) and lacks the tra genes required for mobilization of 
foreign plasmid from donor cells. Therefore, plasmids were 
first introduced into CC118 X-pir cells to select for Kanr 
colonies containing ligated pMAll. On the other hand, E. 
coli SM10 X-pir strain is Kanr and carries the tra genes on 
its chromosome. Thus, the pMAll plasmid isolated from Kanr 
CC118 X-pir transformants was introduced into SM10 X-pir 
cells, which served as pMAll donors. Agarose gel 
electrophoresis confirmed the presence of an 11 Kbp pMAll 
EcoRI linearized plasmid from a single Amp1' SM10 X-pir 
transformant.
Incorporation of 5 /xg/ml COL into the BHI/KAN agar 
completely inhibited E. coli SM10 X-pir cells, while A. 
hydrophila AH18C cells were COL resistant. Approximately 300 
Kanr, Colr transconjugates were initially produced, from which 
79 were stable by replica-plating on BHI agar with COL and 
KAN, indicating that the rest did not have stable mutations.
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Of the 79 stable Kanr, Colr transconjugates, 72 isolates were 
concurrently oxidase positive and produced yellow colonies 
with yellow zone on R-S agar, confirming their identity as A. 
hydrophila.
Subsequently, minimal inhibitory concentrations (MIC) 
for KAN and AMP were determined for 2 0 of the 72 Kanr, Colr 
A. hydrophila transconjugates. Results indicated that 7 
transconjugates were resistant to all tested levels of KAN 
and AMP, indicating either persistence of pMAll plasmid or 
insertion of the entire pMAll plasmid into the chromosome by 
a single-crossover homologous recombination event. This 
group probably contains 2 copies of the pfl, one of which is 
probably functional. A second group of 5 transconjugates 
became Kans, Amps, probably due to loss of the plasmid. 
Finally, a third group of 8 isolates were resistant to all 
KAN levels, but were sensitive to minimum AMP levels of 20 
jug/ml, indicating loss of the suicide plasmid and 
incorporation of the pfl-kan fragment into the chromosome. 
This group was further analyzed phenotypically as they 
represent potential true mutants.
Evaluation of the 8 Kanr, Amps transconjugates for 
anaerobic growth in pyruvate-supplemented MM was successful 
in identifying one mutant, designated as strain AH66, unable 
to grow anaerobically. All 8 transconjugates and the AH18C 
wild type strain grew aerobically in pyruvate-supplemented 
MM. No growth was observed with either all transconjugates
or strain AH18C incubated aerobically or anaerobically in 
minimal medium without any carbon source, indicating the 
purity of the minimal medium. Determination of growth curves 
for strains AH 66 and AH18C also indicated the lack of 
significant difference in aerobic growth between them in LB 
broth (figure 11) or pyruvate-supplemented MM (figure 12). 
Results also confirmed the inability of strain AH66 to grow 
anaerobically in pyruvate-supplemented MM (figure 12). 
However, the growth of strain AH66 was restored when acetate, 
additional carbon source, was incorporated with the pyruvate- 
supplemented MM, but did not reach the same level as that of 
strain AH18C without acetate (figure 12) . On the other hand, 
the mutant aerobic and anaerobic growth with acetate 
supplementation did not differ in the first 48 h (figure 12) , 
demonstrating an acetate inhibitory function in the presence 
of oxygen.
The polymerase chain reactions initiated by the two pfl 
primer pairs amplified the native pfl fragments from AH166 
chromosome (figure 13) . However the same primer pairs failed 
to amplify any specific PCR product from the AH18C chromosome 
(figure 13), indicating some DNA sequence differences in the 
pfl between A. hydrophila strains AH166 and AH18C. 
Therefore, these pfl primer pairs were not useful in 
confirming the amplification of targeted pfl-kan fragments 
from the mutant AH6 6 chromosome and the kan insertion in the 
pfl as experimentally demonstrated (data not shown).
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Figure 11: Growth curve of AH18C parent strain and AH66
mutant strain in LB broth. □, AH66 grown aerobically; and o, 
AH18C grown aerobically.
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Figure 12: Growth curve of AH18C parent strain and AH66
mutant strain in pyruvate-supplemented MM. Bacteria were 
grown in 0.5% pyruvate supplemented minimal medium (Riddle et 
al., 1981) . All cultures were grown in MM with pyruvate, a , 
AH66 grown anaerobically; x, AH66 grown anaerobically with 
acetate; □, AH66 grown aerobically; +, AH66 grown aerobically 
with acetate; 0, AH18C grown anaerobically; and o, AH18C 
grown aerobically.
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Figure 13: Agarose gel electrophoresis of PCR products using
PFL262 and PFL1020 primers. Lane M, 1 Kbp ladder; Lanes A 
through N, and a through n, PCR products, using same letter 
buffers of the PCR optimizer (Invitrogen) , from AH18C and 
AH166 chromosomal templates, respectively.
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The kan gene primer pair was successful in amplifying 
the expected 820 bp DNA fragment from both the pMAll plasmid 
and the AH6 6 chromosome, but not from the AH66 plasmid prep 
or the AH18C plasmid or chromosome (figure 14), indicating 
the kan chromosomal insertion in strain AH66. Combined with 
the AH66 KAN resistance, AMP sensitivity and anaerobic 
stunted growth in pyruvate-supplemented MM, the 820 bp 
fragment amplification from the AH6 6 chromosome suggests that 
the kan chromosomal insertion occurred in a key anaerobic 
metabolism gene, possibly the targeted pfl, due to double­
crossover homologous recombination.
A 718 bp DNA fragment from the amp was amplified from 
the pMAll plasmid template and both the AH6 6 and the AH18C 
chromosomal templates, indicating that the amp is present on 
the wild type chromosome. However, a predicted 2,43 7 bp DNA 
fragment, containing partial sequences from pfl and amp, was 
amplified from the suicide plasmid pMAll template only, using 
PFLSC13 and AMPM1 primers (figure 15). The hybrid fragment 
was not amplifiable from either the AH18C chromosome or the 
AH18C and AH66 plasmid prep (figure 15) , eliminating the 
possibility of amp-derived pMAll plasmid persistence or 
chromosomal integration.
Finally, intramuscular injection of channel catfish fry 
with strains AH18C and AH66 resulted in minimal lesion 
development in the form of abdominal distension and 
subcutaneous hemorrhage. Mortalities ceased at 36 h post
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Figure 14: Agarose gel electrophoresis of PCR products
amplified from the kan. Primers KANP2 and KANM1 were used to 
amplify the Kan marker. Lanes A & H represent a HindiII 
digested lambda DNA and a 1 Kbp ladder size standards in bp, 
respectively (Gibco BRL, Life Technologies) . Lanes B & C, an 
820 bp PCR product using pMAll plasmid or AH66 genome as 
templates, respectively. Lanes D & E, no PCR products from 
AH18C genome or plasmid prep as template, respectively; lane 
F, no products when using AH66 plasmid prep as template.
Figure 15: Agarose gel electrophoresis of PCR products
amplified from PFLSC13 and AMPM1 primers. Lanes A & H, 
represents Hindlll digested lambda DNA size standard, and 1 
Kbp ladder size standard in bp (Gibco BRL, Life 
Technologies) , respectively. Lanes B & C, represent PCR 
products from AH18C plasmid and genome templates, 
respectively; lane D & G, PCR products from AH66 plasmid and 
genome templates; lanes E & F, PCR products from pMAll 
plasmid template.
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injection, indicating the induction of acute MAS. Almost 
identical LD50 values of 7.97 X 105 and 8.17 X 105 cells/ml 
were calculated for the parent AH18C and the mutant AH66 
strain, respectively. These results indicate that Pfl 
initiated alcoholic fermentation may not affect virulence, 
particularly in acute MAS.
DISCUSSION
Experiments to introduce pMAll into the S-layer positive 
Ampr A. hydrophila strain AH16 6 by electroporation or 
conjugation failed to produce any Kanr A. hydrophila 
transformants. The S-layer presence reportedly can reduce 
the electroporation of foreign DNA into S-layer positive 
bacteria (Gilchrist and Smit, 1991). Future experiments in 
S-layer removal before electroporation may enhance the 
introduction of plasmid DNA into S-layer positive A. 
hydrophila strains. Further, 95% of A. hydrophila strains, 
including strain AH166, are AMP resistant (Borrego et al. , 
1991) , a phenotype which complicates the primary selection of 
Amps true mutant transconjugates that have undergone double­
crossover homologous recombination from Ampr false mutants 
with plasmid integration into the chromosome or plasmid 
persistence. Therefore, A. hydrophila AH18C, an S-layer 
negative strain that is Amps, was chosen as the recipient 
strain in the conjugation experiment.
The pGP704 suicide plasmid carries an amp marker, the 
origin of replication from the narrow-host range plasmid R6K,
and the origin of transfer from the auto-conjugative, 
promiscuous plasmid RP4 (Miller and Mekalanos, 1988). 
Replication initiated by the R6K origin is dependent on the 
R6K-specified replication protein , and plasmids carrying
this origin can only replicate in host strains producing this 
protein (Kolter et al., 1978; Miller and Mekalanos, 1988).
Both E. coli strains CC118 and SM10 have been lysogenized 
with bacteriophage X containing the pir gene from R6K that 
produces the u protein, and are thus capable of supporting 
the replication of R6K ori plasmids. The RP4 origin of 
transfer requires the RP4 transfer functions encoded by the 
tra genes for mobilization. These genes are chromosomally 
integrated in SM10 X-pir, but not in CC118. Therefore, the 
suicide vector pMAll is stably maintained in X pir producing 
host cells, like CC118 X-pir and SM10 X-pir E. coli strains, 
but only mobilized from SM10 X-pir cells. When the AH18C 
wild type strain, which does not produce the 7t protein, 
receives the pGP704-derived pMAll suicide plasmid by 
conjugation, resulting mutants are non-permissive and do not 
support replication of the plasmid. Maintenance of AMP or 
KAN resistance would require DNA strand exchange between the 
pfl-kan and its homologous pfl sequence on the recipient's 
chromosome. Two crossover events are possible, a double­
crossover homologous recombination that produces Kanr, Amps 
true pfl mutants, such as AH66 strain, and a single-crossover
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plasmid integration that results in Kanr, Ampr false pfl 
mutants.
Anaerobic growth evaluation resulted in the 
identification of an A. hydrophila pfl mutant (strain AH66) 
that is unable to grow in MM with pyruvate as the only carbon 
source (figure 12). Pyruvate was chosen as the carbon source 
for the identification of A. hydrophila pfl mutants rather 
than glucose because pyruvate is the actual substrate for the 
Pfl, thus avoiding any unknown salvage reactions that might 
connect glycolysis with other metabolic pathways (Varenne et 
al., 1975; Pascal et al. , 1981) . Similar previous studies
with E. coli pfl mutants conducted in the same manner 
produced similar results (Varenne et al. , 1975; Pascal et
al., 1981)
When acetate was included in the pyruvate-supplemented 
MM, anaerobic growth of AH66 was significantly boosted 
(figure 12), suggesting that acetyl-CoA was formed and used 
in the terminal reactions of fermentation to generate ATP and 
NAD* through the formation of acetate and ethanol (figure 
1) (Pascal et al. , 1981; Mat-Jan et al. , 1989) . Acetate
supplements probably recovered the AH66 mutant growth through 
the formation of acetyl-CoA by the acetyl-CoA synthetase 
enzyme, which was previously reported in Penicillium 
chrysogenum (Martinez-Bianco et al., 1992). Acetyl-CoA is
either metabolized to produce energy through the formation of 
acetyl-P and acetate (Pascal et al. , 1981) or for the
formation of fatty acids (Neidhardt et al. , 1990) . The first 
half of the redox process was achieved by the functional 
lactate fermentation of the pyruvate supplement mediated by 
the lactate dehydrogenase enzyme (Ldh). The Ldh pathway 
results in the release of hydrogen ions and electrons, which 
can also be used to generate energy through nitrate and 
nitrite reduction, and NAD+ from NADH. This probably 
resulted in a higher NAD+/NADH ratio, which inhibits the Ldh 
enzyme as reported by Payton and Hartley (1985) . Higher 
NAD+/NADH ratios, however, activates pyruvate dehydrogenase 
(figure 1) , even in the absence of oxygen, resulting in 
reduction of NAD+ to NADH and fulfills the second half of the 
redox process (Pascal et al., 1981).
Polymerase chain reaction results confirmed the 
insertion of the kan into the chromosome of the AH66 mutant 
strain. Results further indicated the loss of the amp 
marker, confirming the loss of the suicide plasmid pMAll. 
These results, along with the inability of strain AH66 to 
grow anaerobically in MM with pyruvate, the resistance of 
AH66 to KAN and the sensitivity of AH66 to AMP, indicate that 
AH66 is a true pfl mutant. Amplification experiments using 
the two pfl primer pairs, deduced from the AH166 strain, 
indicates differences in the pfl DNA sequence between the 
AH16 6 and AH18C strains due to the failure of the pfl primer 
sequences to amplify pfl fragments from the AH18C chromosome.
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Finally, the virulence study indicated that there was no 
significant difference between the LD50 for the Pfl strain 
AH66 and the parent strain AH18C. This may be due to the 
difficulty in establishing experimental chronic MAS in vivo, 
as indicated by the acute nature of the mortalities, and the 
lack of significant lesion development following challenge. 
In general, necrotic lesions of the type that may become 
anoxic in MAS are usually observed in chronic cases and are 
associated with stress (Thune et al., 1993) .
In addition, the use of AH18C was necessary because the 
ampicillin sensitive phenotype was required to confirm the 
loss of the suicide plasmid, pMAll. Of the 47 virulent S- 
layer positive strains screened as recipients for the mutated 
pfl gene, none were ampicillin sensitive. Future studies 
involving replacement of the amp in pMAll will be required in 
order to address the question of Pfl contribution to 
virulence in S-layer positive strains.
CHAPTER FIVE 
CONCLUSION
The open reading frame (ORF) of A. hydrophila pyruvate 
formate-lyase gene (pfl) is 2280 nucleotide sequence that 
shares 70% homology with the E. coli pfl. It encodes an 85.5 
KDa polypeptide, containing 76 0 amino acid residues with 
76.7% identity and an additional 8.8% similarity to the 
primary structure of E. coli pyruvate formate-lyase enzyme 
(Pfl) (Rodel et al. , 1988) . The Pfl presence in A. hydrophila 
is in agreement with its nature as a facultative anaerobic 
gas producer, utilizing alcoholic fermentation (Popoff, 
1984). The 59% GC content of the cloned pfl indicates that 
the gene is probably endogenous to Aeromonas (Popoff, 1984).
Aeromonas Pfl has a pi of 5.71 and a secondary structure 
consisting of 46% a-helices and 39% P-sheets. The presence 
of cysteine (Cys) residues at positions 419 and 420 in Pfl of 
both E. coli and A. hydrophila suggests that the SH group of 
Cys-420 in A. hydrophila Pfl performs a similar function to 
that reported for E. coli as a transient acetyl carrier in 
the catalytic cycle of Pfl (Rodel et al., 1988). Further,
the presence of a free glycine radical at position 735 of 
both A. hydrophila and E. coli enzymes suggests that the 
radical functions as a coenzyme for processing pyruvate by a 
homolytic C-C bond cleavage mechanism in A. hydrophila, as 
previously reported in E. coli Pfl (Volker Wagner et al. ,
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1992; Unkrig et al. , 1989) . The striking homology in the
primary structure and predicted catalysis of Pfl between the 
two species suggests that this cytoplasmic protein is very 
conservative, at least among Gram negative bacteria.
A mutant constructed by inserting a kanamycin resistant 
marker (kan) into the ORF of A. hydrophila pfl did not grow 
anaerobically in a chemically defined minimal medium 
supplemented with pyruvate as the only carbon source. When 
injected intramuscularly into fish, the mutant strain 
produced similar LD50 values to the parent strain, indicating 
that the Pfl-initiated alcoholic fermentation may have little 
or no effect on the virulence of acute A. hydrophila 
infections. However, future experiments to establish chronic 
motile aeromonad septicemia (MAS), associated with stress, 
that result in necrotic lesions associated with anoxic 
conditions would probably explore the role of the Pfl in MAS 
pathogenesis.
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A P P E N D IX  A
Species 
or plasmid
A . hydrophi1a 
AH16 6
AH18C
AH6 6
E. coli 
XL-1 Blue
CC118 k-pir
SM10 k-pir
Plasmids
pBluescript
SK(-)
pMAl2+
pMA12- 
pMA8
pMAlO
pGP704
pMAll
BACTERIA AND PLASMIDS
Description Reference
or source
Channel catfish facultative LAADLab
anaerobe S-layer positive isolate
Hybrid stripped bass facultative LAADLac
anaerobe S-layer negative isolate
pfl AH18C This study
recAl endAl gyrA96 thi-1 hsdR17 
supE44 relAl lac [F'proAB 
lacIqZAM15 TnlO (tetr) ] 
a (ara-leu) araD AlacX74 galE 
galK phoA20 thi-1 rpsE rpoB 
argE(AM) recAl, lysogenized 
with k-pir phage 
thi-1 thr leu tonA lacY supE 
recA::RP4-2-TC::Mu, Kanr, k-pir
Stratagene
Herrero et 
al., 1990
Miller and 
Mekalanos, 
1988
Ampr; pUC19 derivative but Stratagene
with fl(-) origin of replication 
and Sacl-Kpnl as MCSd inserted 
into the lacZ promoter
Ampr; pBluescript SK ( - ) with This work
9.15 Kbp EcoRI-EcoRI pfl 
containing insert
Ampr; identical to pMA12+ but This work
with insert oriented oppositely
Ampr; pBluescript SK ( - ) with This work
EcoRV-EcoRI 4.8 Kbp pfl
containing insert
Ampr, Kanr; same as pMA8 with This work 
kan marker inserted into BstEII 
site of the pfl insert
Ampr, ori R6K, mob RP4, MCS of Miller and
M13tgl31 Mekalanos,
1988
Ampr, Kanr; same as pGP704 but This work
with the 7.3 Kbp KpnI-EcoRI 
pfl-kan insert
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APPENDIX B 
pfl PRIMERS USED IN DNA SEQUENCING
The following primers are listed in order of their location 
on the pfl ORF. Forward primers are listed in an upper case 
and reverse primers are listed in a lower case. Primers were 
synthesized at GeneLab, VMP, LSU-SVM, Baton Rouge, LA.
Name Location Sequence (51 to 3 1)
PFLSC73 5 1 of promoter TATCAGAAGCTGGTATGC
PFLSC74 108 CTATGAAGGTGACGAACAG
PFLSC75 274 CAGGGGCTGGAAAAAATC
PFLSC76 444 AGTGTTCGACGTCTACTCT
PFLSC77 692 TGGTGCAGATCAAGCAGA
PFLSC78 944 TGGTACGTTTCCTGCGTA
PFLSC79 1176 CATCGATACCTCATCCCTGC
PFLSC710 1481 CGCTCAACCTTATTCACTACAT
PFLSC711 1739 ATCTGGTCGAGCGCTTCAT
PFLSC712 1961 AGCTGCCGTTCAAATATGCC
PFLSC3 6 2288 cagagttacatcatgttgg
PFLSC3 7 2055 attgttctcgcgattggc
PFLSC3 8 1771 cctggatcttcttcatga
PFLSC3 9 1534 tcagggaagccteataget
PFLSC310 1334 tagagcagggtcttggccaggtt
PFLSC311 983 aagagggtgtcaaactcgggggt
PFLSC312 805 acttcaccgcagccagat
PFLSC313 486 ttttcggcagcgcaacatctc
PFLSC314 244 ttgtggtggcaatattggt
125
APPENDIX C
PRIMERS AND PCR PRODUCTS CONFIRMING pfl MUTAGENESIS 
Primers:
The following primers are listed in order of their location. 
Forward primers are listed in an upper case and reverse
primers are listed in a lower case.
Name Gene Location Sequence (5■ to 3 1)
KANP2 kan 218 ACTGGGCACAACAGACAATCG
KANM1 kan 1038 ccaacctttcatagaaggcgg
AMPP2 amp 159 TTCCGTGTCGCCCTTATTCC
AMPM1 amp 877 tgcaatgataccgcgagacc
PFL262 pfl 436 AAC CAGGGNGTGTT CGAC
PFL1020 pfl 1213 ggtcatcgttctcatactgc
PFLSC78 PFL 944 TGGTACGTTTCCTGCGTA
PFLSC3 9 PFL 1534 tcagggaagccteataget
PCR Products:
The following are the expected product sizes (in bp) from 
AH18C and AH66 transconjugate (if true or false pfl mutant) 
Primer Pairs Genomic Template Plasmid Template
AH18C TM FM AH18C TM pMAll FM
KANP2-KANM1 0 820 820 0 0 820 0
AMPP2-AMPM1 0 0 718 0 0 718 0
PFL2 62-PFL102 0 1567 4067 both 0 0 0 0
PFLSC78-PFLSC3 9 572 3072 both 0 0 0 0
AMPM1-PFLSC13 0 0 2437 0 0 2437 0
TM & FM; if AH66 is a true or false pfl mutant, respectively.
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